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1.0 ABSTRACT
The Sunbury Electric Station (SES) is located in Sunbury, Pennsylvania
along the Susquehanna River near Shamokin Dam. The Sunbury Electric Power
Plant's Coal Storage yard contains approximately 1.5 million tons (1.3xlO kg) of
coal and silt in the piles, roughly 3,100 feet (945 m) long and 400 feet (122 m)
wide.
The scope of this thesis is to investigate and characterize the solute
transport of sulfate and ground-water geochemistry of the site using computer
models and to define the major source of contamination. This study attempts to
combine hydrogeology and geochemistry to explain the observed contaminant
distribution.
The ground-water system in the vicinity of the SES site consists of a
continuous unconfined aquifer including unconsolidated clayey-sand or sand and
gravel overlying fractured bedrock. The water quality analyses at the SES site
indicate that the coal piles are in fact a source of ground-water leachate,
infiltration is assumed to be the source mechanism at the SES for direct entry of
leachate to the ground water.
A two-dimensional flow and sulfate solute transport model was developed
and calibrated. The computed hydraulic head distribution depicts a southeasterly
flow direction beneath the site approximately perpendicular to the Susquehanna
River.
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Concentrations of leachate from the coal piles were estimated during
calibration and was initially distributed based on concentrations observed in
monitoring wells near the coal piles. The final source adjustments involved
establishing higher concentrations under the bituminous coal (southernmost) piles
and relatively high concentrations under the other coal piles.
The computed plume after 20 years of coal pile leaching is nearly identical
to the sulfate plume simulated at 1988. This suggests that the plume is essentially
at steady state and has been for some time.
Results from the geochemical modeling suggest that sulfate (and other
conservative species) attenuate towards the Susquehanna River primarily through
dilution. Geochemical modeling supports many of the reactions thought to be
occurring at the site and indicates that minor concentration reduction is occurring
through the precipitation of minerals.
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2.0 INTRODUCTION
The Sunbury Electric Station (SES) is located in Sunbury, Pennsylvania
along the Susquehanna River near Shamokin Dam (Figure 1). The Sunbury
Electric Power Plant's Coal Storage yard contains approximately 1.5 million tons
(1.3xlO kg) of coal and silt in the piles, roughly 3,100 feet (945 m) long and 400
feet (122 m) wide (Figure 2). Topography and shape of the coal piles can vary
considerably during plant operation. Maximum coal pile height is about 75 to 100
feet (23 to 30 m). The coal piles trend in a northeast direction, parallel to the
Susquehanna River, and have been in existence since 1949 (Dunn, 1985). In some
areas the coal piles are underlain by a considerable thickness of fly ash.
Between the coal piles and the river lies a portion of the abandoned
Pennsylvania canal (Figure 2). The canal contains water to a depth of 1 to 3 feet
(OJ to 0.9 m), which is red in color, highly conductive, and very characteristic of
acid mine drainage (Dunn, 1985). The canal is at a considerably lower elevation
than the coal piles base and intersects the water table. For some time the canal
water discharged directly to the Susquehanna River. The canal discharge point
was cut off to inhibit coal pile leachate from discharging directly from the canal to
the river. This canal water is intermittently pumped and treated by the plant
operators. When the canal directly discharged to the river, it may have locally
lowered the water table at the canal. Currently, the canal intersects the water
table and flow into or out of the canal is negligible.
3
Along the river bank, adjacent to the old canal, exists a 900 feet (275 m)
long seepage face and mixing zone where coal pile seepage mixes with the
Susquehanna River. This has been confirmed by iron staining and recent areal
photos reveal an orange-colored ground water observed seeping from the river
bank downgradient of the coal piles.
There are two unlined coal pile runoff ponds at the SES site. The North
Runoff Collection Pond (NRCP) and the South Runoff Collection Pond (SRCP)
(Figure 2) have been identified as sources of contamination. Both ponds collect
runoff from the coal piles during precipitation events.
2.1 PREVIOUS MODELING STUDIES
Pennsylvania Power and Light (PP&L) and Dunn Geoscience undertook a
ground-water study to evaluate the impact of potential coal pile seepage on the
water quality of the Susquehanna River from the coal piles storage yard (Dunn,
1985, 1987). This investigation entailed the investigation of an extensive ground-
water monitoring network (17 wells) in and near the coal piles, near three existing
wells at the Metal Cleaning Waste Basin (MCWB), and near the two coal pile
runoff ponds (NRCP and SRCP)(Figure 2). Initial and subsequent monitoring of
the wells revealed high levels of sulfate, iron, manganese, aluminum, caamium,
and nickel (Dunn, 1985).
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Crosbie (1986) performed ground-water flow and solute transport
simulations of this site to investigate the extent and impact of ground-water
contamination by the coal/silt leachate from the electric station. Crosb~e
simulated the ground-water flow patterns using the u.s.a.s. Methods of
Characteristics Flow Model (MOC) (Konikow and Bredehoeft, 1978). Crosbie
found that a satisfactory match could be achieved with a numerical model by
assuming two identifiable sources of contamination, the north and south runoff
ponds. Subsequent water quality tests at the NRCP indicated that the entire coal
pile appears to be a source rather than just the two ponds.
Stoner (1988) presented an analysis of the ground and surface water quality
impacts from seepage of the coal storage piles at the SES site. Stoner (1988) also
used the MOC model in an attempt to better define the source of contamination
and to estimate impacts of contaminant loading on the river. This study identified
the coal piles as the major source of contamination and the SRCP as a secondary
source of contamination. The report also provided valuable information regarding
the distribution of hydraulic conductivity at the site.
2.2 SCOPE OF WORK
The scope of this thesis is to investigate and characterize the solute
transport of sulfate and ground-water geochemistry of the site using computer
models and to define the major source of contamination. This study will attempt
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to combine hydrogeology and geochemistry to explain the observed contaminant
distribution. This investigation required the use of geochemical models to identify
dominant geochemical reactions and make assessments regarding there impact on
solute transport at the SES site.
This research consisted of the following tasks:
• Data Analysis, Review, and Interpretation
• Review of Previous Modeling Efforts
• Code Selections
• Model Calibration - Flow and Solute Transport
• Model simulation - Geochemistry
• Results and Interpretations
Existing and new hydrogeologic and chemical data were acquired and
reviewed. Geologic data had to be interpreted, then discretized for input to the
ground-water flow and transport model. Review of chemical analyses and acid
mine leachate characteristics is required to properly model the ground-water
chemistry at the site as well as to make decisions regarding contaminant source
loadings in the transport model.
Thorough review of Crosbie's (1986) masters thesis helped to understand
some hydrologic characteristics of the site and model input parameters. Crosbie's
thesis identified some critical data gaps which resulted in the drilling of four new
monitoring wells. Data from these new monitoring wells has improved our
understanding of the SES site.
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Initially a pre-release version of the hydrogeochemical code Fastchem (Fly
Ash and FGD Sludge Transport and Geochemistry)(Battelle, 1987) was used in
this study to model the SES site, but this became impossible due to errors found
in both the transport module (EWBE) and the chemistry module (ECDEF and
ECHEM). Fastchem was designed to couple geochemistry with ground-water flow
and advective transport.
In order to simulate solute transport at the site, a site with many complex
geochemical and transport processes, the geochemistry should be addressed to
completely characterize the site. Since no other coupled hydrogeochemical code
was available, separate flow/transport and geochemical models were selected and
run uncoupled. Model selection depended on the ability to simulate conditions at
the site, availability, and code verification and validation. The two computer
codes selected for this research were developed by the United States Geologic
Survey (USGS). The flow and solute transport model selected was MOC
(Konikow and Bredehoeft, 1978). The Geochemical code used was PHREEQE
(Parkhurst et. al., 1982). Some preliminary calculations were performed with
WATEQF (Plummer et al., 1976), also a USGS code.
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3.0 HYDROGEOLOGIC FRAMEWORK
3.1 SITE HYDROGEOLOGY
The ground-water system in the vicinity of the SES site consists of a
continuous unconfined aquifer including unconsolidated clayey-sand or sand and
gravel overlying fractured bedrock. There is no confining layer between the
different aquifer materials (Dunn, 1985).
The SES site lies on the Susquehanna River flood plain and is underlain by
unconsolidated alluvial deposits of silty and clayey sands and gravels. Bedrock is
composed of thinly bedded, black carbonaceous shales of the Marcellus
Formation (Devonian), which is part of the Hamilton Group (Dh). Rock cores
from several of the monitoring wells constructed at the site display high-angle
jointing measured from the vertical axis, with the frequency of these joints
decreasing with depth and the bedding-plane dip angle is variable (Dunn, 1985).
The top of bedrock and isopach maps reveal complex overburden and
bedrock surface conditions in the vicinity of the SES site. A weathered bedrock
isopach map (Figure 3) shows areas of more deeply weathered bedrock that
correspond to a channel incised into the bedrock surface (Dunn, 1987). Figure 4
is a contour map of the weathered bedrock surface. Dunn (1987) reports that the
small tributary stream which intersects the study area near the power complex was
responsible for the complex nature of these features. The stream probably eroded
into the bedrock surface because of the enhanced weathering of the ~edrock
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(Dunn, 1987). Also, the thickest deposits of bouldery gravels occur at the mouth
of the paleo-stream channel; moreover, the bouldery deposits extend up-channel
to the lower end of the paleo-stream channel (Dunn, 1987)(Figure 5). Flanking
the paleo-stream channel are lobes of sand and gravel deposits which appear to
have been created by the interaction of the tributary and river water flows (Dunn,
1987).
Across the site the alluvial deposits generally become finer in the upper
part of the sequence. This shows that the river levels in the recent geologic past
(glacial meltwaters) were higher than the present river levels. The fining upward
sequence is due to regressing river levels over time and periodic flooding events
depositing sediments on the flood plain (Dunn, 1987).
The unconsolidated fluvial sediments are grouped into three general
classifications: (1) sand and clay facies; (2) sand and gravel facies; and (3) sand,
gravel, and boulder facies. The clayey sand layer is restricted to the northeast
portion of the storage facility, but may playa major role in determining the
ground-water flow because of the relatively low hydraulic conductivities. Figure 6
is an isopach map showing thickness of the sand and clay layer. The hydraulic
conductivities of the clayey sand ranges from 1.0 to 4.2 ft/day (0.3 to 1.3 m/day)
(Dunn, 1987).
Hydraulic conductivity values for sands and gravels are typically higher
than for bedrock except at the bedrock interface. The sand and gravel facies
underlies most of the coal storage facility and is 20 feet (6.1 m) thick near the
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south runoff collection pond (Figure 7). The sand and gravel aquifer is generally
more permeable, with a range in hydraulic conductivities of 1.4 to 30 ft/day (0.4
to 9.1 m/day) (Dunn, 1987). The storage coefficient for the sand and gravel
aquifer ranges from 0.14 to 0.24 (Dunn, 1987). Complete well logs and aquifer
tests are described in detail in reports by Dunn (1985 and 1987).
The sand, gravel and ~oulder facies is a thin and narrow but continuous
layer running longitudinally across the coal storage facility. Although the layer is
commonly less than five feet (1.5 m), relatively high hydraulic conductivities make
this layer very important in controlling flow directions.
Hydraulic conductivity of the bedrock aquifer ranged from over three
orders of magnitude from a low 0.0018 ft/day (0.00055 m/day) to a high of 7.8
ft/day (2.4 m/day) (Dunn, 1987). In some areas of the site, voids in the bedroc~
can account for unusually high permeabilities. Pressure tests provided hydraulic
conductivity values for bedrock ranging from 0 to 5.49 ft/day (0 to 1.7 m/day).
The storage coefficient for the fractured and dissolutioned bedrock ranged form
0.033 to 0.15 (Dunn, 1987). This range is storage coefficients, reported by Dunn
(1987), appears to combine confined and unconfined conditions. Well logs for
deep wells indicate a general decrease in the amount of fractures with depth. At
a depth of about 160 feet (49 m), some wells show a separate fracture zone.
Pressure tests in this deeper zone indicate that hydraulic conductivities are
approximately 2 ft/day (0.6 m/day). The bedrock hydraulic conductivity between
the upper and lower fracture zones is generally less than 1 ft/day (0.3 m/day).
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The shallow fracture zone extends down through the upper 25 feet (7.6 m) of
bedrock.
The unconsolidated material/bedrock interface hydraulic conductivities
range over two orders of magnitude from a low of 0.12 ft/day (0.04 m/day) to a
high of 85 ft/day (26 m/day)(Dunn, 1987). A storage coefficient obtained for the
interface was 0.013 (Dunn, 1987).
Figures 8 through 13 depict cross sections across the SES site depicting the
unconsolidated material and the uppermost (upper 25 feet (7.6 m)) fractured
shale bedrock.
3.2 SITE GROUND-WATER LEVELS
Ground-water levels were needed to define flow patterns and to perform a
model calibration. Monitoring wells at the site established the hydraulic head
distribution for the model area (Figure 14). The water levels used in this study
included data from 1987 and more recently collected water levels from 1988
(February and March). Thorough review of recent and past water levels indicated
that these water levels are representative of a steady-state average. Seasonal
variation in water levels is on the order of 1 to 3 feet (0.3 to 1 m). Generally,
water-table gradients indicate that ground-water flow is towards the Susquehanna
River.
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A water balance was performed by PP&L that showed thatcat Basin No.2
south of the site there is a significant component of flow being contributed by an
upward hydraulic gradient. Ground-water levels at the site do not indicate a
strong upward gradient near the river.
3.3 COAL PILE HYDROLOGY
Coal pile hydrology includes precipitation and interflow through the piles.
Water contacting the pile must evaporate from, run off, remain in or infiltrate the
pile. Runoff begins when all the pores on the coal pile surface are filled
(Crosbie, 1986). Runoff and infiltration depend on stockpile size and
configuration, coal particle size, amount and intensity of rainfall, moisture content
of the coal, and probably other factors (Crosbie, 1986).
Since no direct evaporation information is available, regional
evapotranspiration values were used. Regional evaporation is about 2.34 in/yr
(0.6 m/yr) (van der Leeden et al., 1990). Transpiration is considered to be
negligible since there is no vegetation on the coal piles. The coal pile surface
runoff is collected in two unlined incised ponds, NRCP and SRCP (Figure 2).
Crosbie (1986) calculated the amount of runoff entering the ponds, based on an
assumed pond leakage and found that runoff appeared to account for a large
percentage (22%) of total precipitation.
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Of the water that infiltrates the pile, some remains in the pile, some
percolates to its base and some flows even farther through the unsaturated zone
to the ground water (Crosbie, 1986). A measure of the pile's potential for
infiltration capacity is its moisture content (Crosbie, 1986). If the pile is fairly dry,
it can be inferred that much of the water has evaporated or run off or the coal
arrived in a faiFly dry condition (Crosbie, 1986).
Electric utility companies are very concerned about the moisture content of
coal stockpiles, because high moisture content reduces the normal energy output
from the coal (Crosbie, 1986). Therefore, it is in the company's best economic, as
well as environmental, interest to have relatively dry coal piles (Crosbie, 1986).
Crosbie (1986) states that a coal moisture content of 10-12% is
I
"approaching saturation". The pile's moisture content data ranged from 5-23% for
5 foot (1.5 m) samples (Crosbie, 1986). Readings higher than 12% occurred
predominantly in the anthracite silt (Crosbie, 1986). Water-table mounding
beneath the coal pile is not indicated based on static water-level measurements
(Dunn, 1987). A Coal Stockpile Inventory report for the SES site showed a
general increase in coal moisture content with depth, but did not indicate
saturation or mounding of the water table below the coal pile (Dunn, 1987). A "
partially-saturated zone exists beneath the coal piles, infiltrating coal-pile leachate
migrates downward through this zone before entering the saturated zone. The
flow direction in the partially-saturated zone is predominantly vertical. The data
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regarding coal pile moisture content indicates that not all precipitation runs off of
the coal piles and that precipitation recharge occurs through the coal piles.
The fact that mounding of the water table does not occur beneath the coal
piles indicates that infiltration through the coal piles is probably not greater than
precipitation recharge in other areas of the site. Therefore, recharge was not
varied across the site. Because, the water quality analyses indicate that the coal
piles are in fact a source of ground-water leachate, infiltration is assumed to be
the source mechanism at the SES for direct entry of leachate to the ground water.
The leachate source is probably variable across the SES site since there are
significant variations in the particle size, degree of compaction, antecedent
moisture conditions prior to a rainfall event, and because the anthracite silt at the
plant is the result of a soil washing operation that occurred many years ago
(Personal Communication, Jim Villaume, 1992). The anthracite silt may have less
abundance of pyrite than the fresh bituminous coal (Personal Communication, Jim
Villaume, 1992).
3.4 RECHARGE
The average annual rainfall is about 36 inches (0.9 m) in the study area
(Gerhart and Lazorchick, 1988). Precipitation recharge is a function of lithology,
amount and intensity of precipitation, soil type, soil moisture, temperature, and
other factors (Gerhart and Lazorchick, 1988). There is no universally applicable
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method for estimating ground-water recharge (Anderson and Woessner, 1992).
Traditionally, modelers have assumed a spatially uniform recharge rate across the
water table equal to some percentage of average annual precipitation (Anderson
:l2!,\":":; ·:~'.d:.·-:·1.!·_,,:;;:c:;-;: z.;;:""'~T :-JY~'-'-' : \,:~,::,~.:: ~~~'~;:':"7kC'::'~::"; .r;-:-..:::.ry "7":i'~~~'1:U.r""':::'''"x:..:!:.~:'J::~.i5;',:--_-':.~".I~JY'":5·';.X):':':7!,;; ,;~a:':,:T.'?,~~o:r-i;~r.;.::~~r.:;·'>j '7: -:•.~·::,:::J-?2::\tt~:r.·n,:.". ~ ·:;;"7~'.:2:;.·:·T .:.:"--<::';;:':'~;"-:~-:GC: ~ ;',':-r /.'i: :.':D"':"i:1r.t't.l-~::("---:c:. ...w:_2::t:-:;
and Woessner, 1992). The recharge rate is often adjusted during model
calibration (Anderson and Woessner, 1992).
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4.0 NUMERICAL FLOW MODELING
A two-dimensional numerical code was selected to simulate flow in the
aquifer beneath the SES site. A two-dimensional code was deemed adequate
based on earlier modeling studies by Crosbie (1986), the fact that large vertical
gradients are not observed at the site, and that only a two dimensional code was
readily available which could simulate of ground-water flow and solute transport.
The two-dimensional USGS ground-water flow code MOC (Konikow &
Bredehoeft, 1978) was used to accomplish this stage of the work. The following
sub-sections further describe the model design and results. It is assumed that the
unconsolidated sediments and the uppermost (about 25 feet (7.6 m)) of fractured
bedrock can be simulated as a single hydrogeologic unit. The degree of fracturing
of the bedrock is assumed to be great enough that it behaves as a porous medium.
4.1 MODELING STRATEGY
The technical approach for the modeling study was:
• to develop a conceptual flow model of the site area using the
available hydrogeologic database, and
to design and calibrate a steady-state model to estimate the
hydrogeologic parameters and characterize the ground-water flow
system.
• calibrate a sulfate solute transport model to current conditions.
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Initially, the numerical flow model was spatially discretized according to
the conceptual model which describes the stratigraphic framework and initial
hydrologic paramete,r estimates. This basic foundation for the construction.of the
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model served also as a guide during calibration to help maintain meaningful
parameter estimates. The model is calibrated to steady-state conditions
represented by average of water levels from two years, 1987 and 1988. Water
levels were taken throughout 1987 for most of the monitoring wells at the SES
site. Four new monitoring wells were drilled in early 1988.
The model was developed on a microcomputer workstation, as opposed to
conducting the modeling at a terminal linked to a minicomputer or mainframe.
The workstation approach unifies data preparation, code application, and
interpretation of results. Interactive preprocessors, including graphics capabilities,
can be utilized on the workstation to efficiently prepare data files for large
numerical codes. The ground-water flow or transport code can be executed on
the workstation at speeds approaching those of mainframes. Graphics
postprocessors operate on the model results to plot parameter time trends or
spatial distributions. This combination of modeling operations performed within
one computing environment; increases efficiency, reduces error, and permits mor-e
time for results interpretation and model refinement.
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4.2 CODE SELECTION
The U.S. Geological Survey (USGS) MOe two-dimensional
finite-difference solute transport and dispersion ground-water code was used to
develop the SES site flow and transport model. The program is capable of
simulating transient or steady-state flow and transport in two dimensions for a
number of different boundary conditions (fixed head, computed flux, and constant
flux). MOe was chosen so that the flow and transport modeling utilized a
consistent flow field. Other more sophisticated three-dimensional ground-water
flow and transport codes exist, but were not readily available. Three-dimensional
flow codes exist and are in the public domain, but the decision was made to use
one code rather than perform transport modeling with MOe and flow modeling
with another code.
Ground-water flow within the aquifer is simulated using a block-centered
finite-difference approach. Layers are simulated as confined layers. Flow from
external stresses, such as flow to wells, areal recharge, and vertical seepage can
also be simulated. The finite-difference equations are solved using an iterative
alternating-direction implicit (ADI) procedure (Konikow & Bredehoeft, 1978).
Section 5 describes the solute transport model and discusses the limitations and
assumptions in the MOe code regarding fate and transport of contaminants.
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4.3 TWO-DIMENSIONAL FLOW MODEL
4.3.1 MODEL DISCRETIZATION
Computer programs such as MOC approximate the exact mathematical
equation for ground-water flow by numerical discretization techniques. MOC uses
the method of finite differences to approximate the ground-water flow equations.
Spatial discretization consists of subdividing the entire model domain into a grid
or mesh of smaller blocks or cells. In the discretized system, hydraulic heads and
solute concentrations are computed at the center of each grid block. In general,
computational accuracy of the model increases as the number of rows and
columns in the grid increase. Since the model is oriented along the Susquehanna
River, the row direction is approximately perpendicular to the ground-water flow
direction.
The model extends from 400 feet (122 m) north of the SES site in the
northwest to the Susquehanna River in the southeast (Figure 15). The
southwestern extent of the model is approximately 600 feet (183 m) southwest of
the SRCP and the northeastern extent of the model is approximately 3,300 feet
(1,006 m) northeast of the SRCP. To simulate ground-water flow conditions in
the aquifer, a finite difference grid consisting of 38 columns and 16 rows was
developed for the SES site (Figure 15). Grid cell dimensions are a uniform 100
feet (30.5 m) along the rows and columns.
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In the vertical direction the aquifer is defined by only one layer of grid
cells. This is a limitation of the MOC code. It was determined from water levels
that upward vertical gradients near the Susquehanna River were small enough to
~~. ~
simulate the aquifer neglecting vertical flow. The maximum vertical gradient
observed is 0.002 at well CL-3. The single layer represents the sand, gravels,
,
clays, and the fractured upper part of the shale unit. The model layer represents
approximately 60 feet (18.3 m) of aquifer saturated thickness. Reports by Dunn
(1987) indicate that the shale is relatively impermeable, but contamination
observed at depth is evidence that at least the surface of the of the shale is
fractured and is a conduit for solute transport. Approximately 25 feet (7.6 m) of
fractured shale is incorporated in the model. Careful review of the well logs
indicates that the upper 25 feet (7.6 m) of the shale is highly fractured and the
concentration of fractures decreases at greater depths. The base of the model
represents lower permeability «0.3 ft/day (0.1 m) as observed in well CL-5)
, ~
shale and is assumed to be a no-flow boundary.
4.3.2 BOUNDARY CONDITIONS
Model boundaries should be chosen to correspond to natural hydrologic
boundaries of the system being modeled when possible. Boundary condition
definition ultimately controls the ground-water flow patterns simulated beneath
the SES site. Incorrect boundary definitions could constrain ground-water flow in
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an inappropriate direction. Because only the shallow aquifer system is ,being
modeled at the SES site and in order to reduce computational time a relatively
small finite-difference grid was used. If regional aspects of the flow system were
being modeled or if pumping stresses existed at the site, a more regional ground-
water model would have been necessary.
The southeastern boundary employed constant-head cells to simulate the
Susquehanna River. Observed water levels indicate a predominantly northwest to
southeast flow direction. Given the flow direction and the proximity of the model
to the Susquehanna River, no-flow boundaries were defined for the southwest and
northeast boundaries, which constrain ground-water flow to a northwestern to
southeastern flow direction.
In the northwest, the model did not extend to any natural boundaries, so a
constant head boundary was estimated to approximate base flow entering the
model from the northwest. Simulation of variable head conditions along this
boundary would require estimates of aquifer influx in order to apply specified flux
boundary conditions. To estimate these fluxes, one needs both an estimate of the
gradient of the potentiometric surface, the hydraulic conductivity, and the
saturated thickness along the boundary. The constant head boundary only
requires an estimate of the hydraulic potential along the boundary. All available
information on water levels along this boundary were used to establish constant
head boundary conditions, the observed water levels (average of 1987 and 1988
measurements) from 5 nearby observation wells and surface topography were used
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to estimate water table elevations along the specified head nodes. No known
pumping wells exist within the model domain, so drawdown effects are nonexistent
and allow for the use of a constant head boundary in the northwest.
The SRCP was simulated in the model with a head-dependent flux
boundary in the model. The head-dependent flux boundary uses a conductance
term that is needed to simulate the effects of flow between the SRCP and the
ground-water system. Currently, the NRGP is being pumped to maintain a
constant level. The NRCP may actually be slightly lower than the surrounding
water-table, but discharge into the NRCP is insignificant. Preliminary modeling
also suggested that the water table is in close contact with the NRCP. Therefore,
it is assumed that vertical flux from the NRCP is minimal and to simplify
simulation of the pond, the NRCP is simulated as precipitation recharge. As
previously mentioned the canal currently intersects the water table and flow into
or out of the canal is negligible.
4.3.3 MODEL CALIBRATION PROCEDURE
Calibration of a ground-water flow model refers to the process of obtaining
a reasonable match between the observed hydrologic data and the results
calculated by the numerical model. The procedure for estimating hydraulic
parameters is to systematically vary parameters, such as transmissivity, until a
better match is obtained between observed and computed hydraulic heads. Initial
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transmissivity estimates were determined prior to model calibration. These initial
estimates are then varied to obtain the desired results. Usually the zones are
created in which a group of cells (transmissivities) are varied, each zone
representing heterogeneities in the aquifer material. The zones are varied within
the acceptable range of values for that aquifer material, until the optimal
parameter value is obtained. Generally, increases and decreases in transmissivity
lower an.d raise computed hydraulic heads, respectively.
Three statistics were computed during calibration of the flow model,
including: (1) the sum of squared residuals, (2) the mean residual, and (3) the
residual standard deviation. A residual is the difference between the observed
and calculated head. The calibration technique seeks to minimize the sum of
squared residuals and the other two statistics provide a measure of the quality of
the calibration. A satisfactory goal is to have the residual mean close to zero with
a residual standard deviation less than ten percent of the total head change across
the model domain. Residual statistics were not computed for many preliminary
simulations and early parameter adjustments were made to minimize residuals.
Calibration statistics were examined for final calibration simulations.
4.3.4 AQUIFER PROPERTIES AND ZONATION
Simulation of ground-water flow and solute transport requires the
definition of hydraulic and transport parameters in each model cell. Ground-
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water flow parameters include horizontal hydraulic conductivity or transmissivity
and if transient, storage. Transmissivity is the product of the hydraulic
conductivity and the saturated thickness. Solute transport parameters include
po~osity and dispersivity.
Parameters are defined by zones of equal value. Zones are identified with
both an integer number and a parameter value and each cell in the model is
assigned a zone number for each parameter. The zonation of the model layer was
based on the variable lithology (quantities of gravel, sand, silt, and clay) of the
aquifer material as described by cross sections and drillers logs (Dunn, 1985,1987).
The initial transmissivity distribution was determined from careful
evaluation of the unconsolidated material isopach maps (Figures 5, 6, and 7) and
estimated values of hydraulic conductivity. It is apparent that the southeast
portion of the model area has greater thicknesses of the sand, gravel, and boulder
facies (up to 20 feet (6.1 m)). The sand and gravel facies occur in the southeast
region (10 to 15 feet (3 to 4.6 m) thick) and the sand and clay facies occur in
lesser amounts (0 to 10 feet (0 to 3 m))(Figures 5, 6, and 7). The central area of
the model contains predominantly the sand and gravel facies with small amounts
of the sand, gravel, and boulder facies (Figures 5 and 7). The northwest area of
the model contains mostly the sand and gravel facies, and the sand and clay facies
(Figures 6 and 7).
Initially, the model was designed with three transmissivity zones that
corresponded to the southwest (450 ft2/ day (42 m2/ day)), central (400 ft2/ day
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(37.2 m2/ day», and northeastern (350 ft2/ day (32.5 m2/ day» areas of the model.
Preliminary calibration simulations indicated that some computed water levels
across the site were greater than or less than observed water levels by two feet.
Numerous calibration simulations were performed. In each simulation the
transmissivity zonation extent, value or distribution was adjusted to minimize the
difference between computed and observed water levels. Some zones of small
aerial extent were added to fine tune the calibration. Recharge values and pond
leakage was also adjusted during the simulations. Parameter values and zones
modified during calibration were checked against published data (Dunn, 1985,
1887) wherever possible to make sure that parameter values chosen for the model
were reasonable.
The calibrated model incorporated seven transmissivity zones. The
zonation is usually determined during model calibration. Figure 16 depicts the
transmissivity zonation of the calibrated model. The transmissivity values are well
within the range suggested by drill cores and estimated from aquifer tests (Dunn,
1985, 1987).
Generally, higher transmissivities are observed near the Susquehanna
River. Model estimated transmissivities range from 240 to 480 ft2/ day (22 to 44.6
m
2/day)(Figure 16). Assuming a saturated thickness of 60 feet (18.3 m) the
average hydraulic conductivity ranges from 4 to 8 ft/day (1.2 to 2.4 m/day). In
the area surrounding the SRCP transmissivities were estimated to be 240 ft2/day
(22 m2/day). In these areas, high percentages of gravel are seen in drill cores.
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Slug tests by Dunn (1985) suggest hydraulic conductivities ranging from less than 1
ft/day (0.3 m/day) to about 8.4 ft/day (2.6 m/day) in this region of the model.
Many of these slug test results represent a vertically averaged value of hydraulic
conductivity since some of the wells tested penetrated more than one sediment
facies and in some cases the upper bedrock.
In the northern and northwestern parts of the model the transmissivities
are generally lower, on the order of 138 to 192 ft2/day (13 to 18 m2/day) (Figure
16). These transmissivities -represent average hydraulic conductivities of 2.3 and
3.2 ft/day (0.7 and 1 m/day). This is due mainly to the prese~ce of more clay and
sand, and less gravel. Dunn (1985) reports a range in hydraulic conductivity for
sandy clay of 1 to 4.2 ft/day (0.3 to 1.3 m/day). Since the model is two-
dimensional, the estimated transmissivities actually represent vertically averaged
transrnissivities for the unconsolidated sediments and the upper 25 feet (7.6 m) of
fractured shale. Overall, the model estimated permeabilities are within the range
of actual field estimated values.
The SRCP 'bed permeability was estimated through the model calibration
to be 0.015 ft/day (0.0046 m/day), which is reasonable for a typical unlined pond
in alluvial sediments. A value of 8.8 in/yr (0.2 m/yr) was estimated during model
calibration as the precipitation recharge value throughout the SES model. Total
precipitation averages about 36 in/yr (0.9 m/yr)(Gerhart and Lazorchick, 1988).
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4.3.5 CALIBRATION TARGETS
Comparison of simulated results to observed ground-water levels in the
study area provided the primary means of calibrating the numerical flow model.
This model attempts to simulate steady-state conditions at the SES site during
1987 and 1988. This time period was chosen to incorporate the greatest amount
of water level data against which to calibrate the model and to average out
seasonal variations in water levels to prevent an anomalous model calibration.
Table 1 lists the grid location and observed heads of the calibration targets.
Figure 14 shows the location of each monitoring well.
4.3.6 DISCUSSION OF RESULTS
Predicted hydraulic head levels for the final calibrated model generally
compare well with observed head measurements (Table 2). Figure 17 shows the
residual heads at the location of the calibration targets. The residual heads were
computed by subtracting the computed head from the observed head in grid cells
that contain a calibration target. Figure 18 is a contour map of the steady-state
hydraulic head distribution. Predicted hydraulic heads are within ± 1 feet (0.3 m)
of the observed head at 12 of 14 calibration targets. The residual mean is 0.3 feet
(0.1 m), the residual standard deviation is 1.3 feet (OA m), and the residual sum
of squares is 22 ft2 (2 m2).
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The computed hydraulic head distribution (Figure 18) depicts a
southeasterly flow direction beneath the site approximately perpendicular to the
Susquehanna River. Slight mounding occurs around the SRCP as vertical leakage
from the pond infiltrates to the aquifer. Appro?,-imately 1,700 fe/day (48 m3/ day)
of pond..)eakage is estimated to flow from the SRCP. Pond stages were reported
for only two years (1987 ana 1988) of operation. Pond stages based on two years
of data were about 429 feet (131 m) mean sea level (msl) in the SRCP. Pond
levels in the NRCP were measured at 433 feet (132 m) msl.
,'j
4.4 SENSITIVITY ANALYSIS
4.4.1 TECHNICAL APPROACH
The response of the calibrated flow model to changes in recharge and
transmissivity were evaluated using a sensitivity analysis. One parameter was
varied over a specified range while all other parameters are held constant.
Changes in parameters were implemented as increases or decreases by a
multiplication factor throughout the entire model. The sensitivity of the model to
variations in each parameter was evaluated based on the change in the residual
sum of squares from the calibrated model. The validity of the model can be
explained by the sensitivity analysis since it indicates which parameters or factors
are very important (sensitive). Evaluating the importance of each factor helps
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determine which data must be defined most accurately and which data are already
adequate or require minimal definition (Konikow, 1978).
The model was found to be most sensitive to changes in aerial recharge of
the parameters tested. Small changes in recharge caused moderate changes in the
residual sum of squares. For example, a 10% increase in aerial recharge yielded
a 100% increase in the residual sum of squares, and a 30% decrease in recharge
only produced a 10% increase in the residual sum of squares. Recharge is the
most sensitive parameter since increases or decreases add or remove a significant
amount of water from the system. Increases in recharge tend to mound the water
table and decreases in recharge lower the water table.
Transmissivity was the next most sensitive parameter testedr: Sensitivity
analyses were implemented as increases or decreases in transmissivity by a
multiplication factor throughout the entire model, not as independent zones. This
analysis showed that the model transmissivity is sensitive to both increases and
decreases in transmissivity, but is more sensitive to decreases. Decreases of 30%
in overall transmissivity increase the residual sum of squares by 36%. A formal
sensitivity analysis was not performed to examine individual transmissivity zones,
because it was inherently performed during the calibration process. Changes in
contrasts between transmissivity zones are generally more sensitive than overall
changes in transmissivity. In this case, the residual statistics are usually affected
by increases or decreases in residuals in the direct vicinity of the zone being
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varied. During calibration insensitive zones were eliminated or combined with
larger more sensitive zones.
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5.0 -TwO-DIMENSIONAL TRANSPORT MODELING
5.1 TECHNICAL APPROACH
The transport model for sulfate was developed with the MOC solute
transport and dispersion code and is based on the calibrated flow model ·described
in the previous section.
The model was calibrated with sulfate because it is the dominant
constituent and is expected to behave conservatively (non-adsorbing) at the SES
site. Therefore, estimation of an adsorption coefficient was not required. Only
the sulfate source strength (concentration), porosity, and dispersivity were
estimated during calibration. The volumetric influx rate of the SRCP was
determined during the flow calibration and was not adjusted during transport
modeling. The volumetric influx rate of the coal pile area was assumed to be the
aerial recharge rate (8.8 in/yr (0.2 m/yr» estimated during the flow calibration.
After calibration of the sulfate plume, a series of sensitivity analyses was
conducted to identify those parameters that exert the strongest influence on the
,/
sulfate concentration distribution. These analyses provided insight on model
behavior, and identified the most important parameters for measurement if
additional data collection activities were required. An extensive set of sensitivity
analyses (source concentration, porosity, dispersivity) was performed with the
sulfate transport model.
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5.2 CONSTITUENT OCCURRENCE AND MOBILITY
Sulfur in the form of sulfate is one of the most common contaminants
identified in ground water. The sources of sulfate in ground-water systems
generally originate from land sources, such as coal waste piles, or from the aquifer
.-
material itself. Sulfate at the SES site is formed through oxidation of pyrite
crystals occurring in coal. A more detailed discussion regarding this process is
included in section 6.0.
No retardation or decay coefficients have been measured for dissolved
sulfate at the SES site. In many cases, sulfate is assumed to be a conservative
constituent in ground water. Adsorption of sulfate is greatly dependent on pH.
Chao et al. (1963) found that sulfate followed a linear isotherm (Freundlich
Isotherm) at low pHs and in the presence of calcium and aluminum-rich soils,
sulfate adsorbs through ion exchange with cations in the soil. The effect of pH on
sulfate adsorption is much more important)han that of exchangeable ions (Chao
et al., 1963). Adsorption is markedly decreased at pHs above 5 (Chao et al.,
1963). Since the pH is variable across the SES site (greater than 5 in many wells)
and the MOC code allows only a single retardation value, adsorption was not
simulated, even though some adsorption may be occurring in the direct vicinity of
the coal piles. Preliminary transport modeling also revealed that the plume
beneath the SES site may be at steady-state within the 40 year calibration period,
so simulation with retardation values would not affect sulfate transport model
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calibration. Inaccuracy would exist in the amount of total sulfate mass computed
by the model in the direct vicinity of the coal piles.
5.3 WASTE SOURCES
The source of contaminants at the SES site was the Coal Storage yard and
surface water runoff collection ponds (NRCP and SRCP). These are the only
source areas simulated in the transport model. Little is known about the waste
source strength at the SES site. Leaching rates through the coal piles have not
been accurately estimated in previous research. For the purposes of this research
it was assumed that the coal piles do not inhibit infiltration to the aquifer. The
layer of fly ash at the base of coal piles has an estimated hydraulic conductivity of
3.4 ft/day (1 m/day) (Personal communication, Jim Villaume, 1992). Additional
data is necessary to determine if the fly ash could restrict infiltration.
Measurements were occasionally made of the stage and water quality in the runoff
collection ponds, but no field estimates of the pond bed material conductivity or
pond flux were available.
The source terms for the transport model are characterized in terms of
/ volumetric mass flux of leachate through the pond bottoms or infiltrating through
the coal piles. Because of the scarcity of source flux and concentration data for
the coal piles, it was necessary to estimate the source strength components.
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Few measurements of sulfate concentrations exist for the pond waters and
virtually no source concentrations were measured to specifically represent the coal
piles. Sulfate concentration data for the SRCP (173 mgjL) and NRCP (245
mgjL) were determined in 1988. These sulfate concentrations appear to be lower
than sulfate concentrations found in the ground water in the vicinity of the coal
piles. This suggests that the runoff collection ponds are not primary contributors
of the sulfate leachate. Additional samples should be taken from the NRCP and
SRCP to confirm that these concentrations are representative of the ponds.
The concentration of any constituent in the pond water is a function of
many factors including concentration in the waste stream, pattern of input,
distribution of runoff among the ponds, amount of rainfall, degree of mixing, and
amount of evaporation. Given these factors, and lack of historical concentration
data, it is assumed that the current sulfate concentrations in the pond waters are
representative of past conditions.
Concentrations of leachate from the coal piles were estimated during
calibration. Observation wells MW-16, MW-15, and MW-14 help to guide the
source estimation, since they are very shallow wells drilled just below the base of
the coal piles. Observed sulfate concentrations show the highest concentrations
on the downgradient side (southeast) of the base of the coal piles as shown by
MW-16 (22,000 mgjL) and MW-15 (7,480 mgjL)(Figure 19). Additional shallow
wells along the axis of the coal piles would be required to better estimate coal
pile leachate concentrations.
34
5.4 TRANSPORT PARAMETERS
The SES site transport model requires six data components, the description
of the flow field (Darcy velocity distribution), aquifer thickness, effective porosity,
dispersion coefficient, partition coefficient (adsorption), and a decay parameter.
It was assumed that sulfate was not adsorbed by the geologic materials during
transport, therefore, a partition coefficient (Kd) of zero was assigned for the
calibration. Decay parameters were not considered in the transport simulations
for sulfate.
5.4.1 EFFECTIVE POROSITY
In a previous modeling study by Crosbie (1986), effective porosity was
estimated to be 25%. Literature values for materials hydrogeologically similar to
those at the SES site range from 25% to 40% for gravels, 35% to 50% for silts,
and 0% to 10% for shales (includes fractured rock) (Freeze & Cherry, 1979).
...
Since sulfate transport is only simulated in the weathered interface of the shale,
effective porosities were assumed to be in the higher range more representative of
the sand and gravel materials. The estimated porosity in the calibrated sulfate
;\
transport model is 20%, which fits within the range suggested in the literature. If
the fractured bedrock is actually lower than 20%, transport velocities may be
underpredicted.
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5.4.2 DISPERSIVITY
\.
Two primary processes are simulated in the transport model: advection and
dispersion. Advection defines the process of contaminant migration due to the
movement of ground water. The advective transport term is computed using
velocities determined by the flow model. Dispersion describes the mixing of a
contaminant in the subsurface due to tortuous, non-ideal flow paths in the aquifer
medium. Dispersion is simulated using a coefficient known as dispersivity.
The Peclet number is a measure of the amount of local advective transport
relative to the local amount of diffusive and dispersive transport. The Peclet
number is defined as:
p = Ax ~ 2
e
where Ax is length of the grid cell [L] and a is dispersivity [L] (Huyakorn and
Pinder, 1983). To avoid numerical stability problems, the Peclet number should
be less than 2 (Huyakorn---aIld Pinder, 1983). If the Peclet number exceeds 2 the
numerical dispersion is large compared to the dispersivity and can cause
inaccurate results. A longitudinal dispersivity, a, of 100 feet (30.5 m) was
estimated through model calibration at the SES site, therefore, the Peclet number
is equal to 1. Longitudinal dispersivity applies to the local direction of
ground-water flow within a grid cell, and the transverse value of dispersivity
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applies at right angles to the flow direction. The transverse dispersivity was
estimated to be 30 feet (9 m).
Generally, the lateral dispersivity is within a factor of 5 to 20 of the
longitudinal dispersivity and is usually estimated empirically through the use of
ground-water models (Free_ze and Cherry, 1979). ,Domenico and Schwartz (1990)
o
suggest that the longitudinal dispersivity should be on the order of 30 to 50 feet (9
to 15 m) and that transverse dispersivity is typically less than longitudinal
dispersion by an order of magnitude. Gelhar (1992) also cites evidence from
tracer test that dispersivities should be on the order of 30 to 40 feet (9 to 12 m)
for the scale of transport at the SES site. These dispersivities can be an order of
magnitude greater if the geologic material is fractured (Gelhar, 1992). Gelhar
(1992) found that in many tracer test the transverse dispersivities are commonly
...,-
one to two orders of magnitude less than longitudinal dispersivities. However,
Gelhar (1992) mentions that transverse dispersivities approximately one third of
longitudinal dispersivity is a common practice in numerical simulations.
Domenico and Schwartz (1990) and Gelhar (1992) cite evidence that dispersivities
generally increase, possibly indefinitely with scale. Reilly (1990) states that:
"the more closely we represent the actual permeability distribution of an
aquifer; the more closely our calculation of advective transport will match
reality. The finer the scale of simulation, the greater will be the
opportunity to match natural permeability variations. In most situations,
however, when both data collection and computational accuracy have been
extended to their practical limits, calculations of advective transport will
fail to match field observation. To the extent that scale variations
represent random de\Ziation from the velocity used in the advective
transport calculation, and to the extent that they occur on a scale which is
significantly smaller than the size of the region used for advective
37
calculation, dispersion theory may adequately describe the' differences
between advective calculation and field observation. Determination of the
dispersion coefficients are usually approached empirically (for example,
through model calibration)."
5.5 CALIBRATION METHODOLOGY AND CALIBRATION TARGETS
From the aquifer and constituent data compiled for this study, a conceptual
model was formed as a basis for constructing the transport model. The
conceptual model of the system identified important physical features of the
aquifer system and waste source. It also identified important processes operating
within the system that controlled the flow of ground water, introduction of
contaminant from the coal pile source to the aquifer, and transport of
contaminants within the subsurface flow system. Finally, it identified nominal or
most likely values for each parameter with which to begin model calibration from
the range of measured or estimated values.
To judge the success of transport model calibration, and to provide
information on the magnitude and direction of parameter changes required during
calibration, target values of concentration at various locations within the aquifer
were identified against which to match concentration values computed by the
model.
The monitoring well data used for the sulfate calibration were the sulfate
concentrations measured in monitoring wells during 1988. Table 3 lists the sulfate
concentration data used for calibration targets. There are no guidelines or
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general rules to follow regarding solute transport calibration statistics. One
reason is that small scale heterogeneities can influence the migration of
contaminants and may not noticeably affect hydraulic heads. Also, there may be a
fair amount of variability in the sulfate concentrations with depth. Since, the
model computes concentrations which represent an average over the entire grid
cell, the computed concentrations may not closely match the observed
concentration at a particular well. These factors along with uncertainties
regarding the source' distribution and strength make it difficult to match observed
sulfate concentrations as closely as hydraulic heads. Therefore, residual statistics
were not used to describe the sulfate calibration. Rather, a qualitative calibration
-"'--'
was performed. Observed sulfate concentrations are posted on the model
computed sulfate concentration distributions, to allow for quick determination of
the quality of the fit between observed and computed values.
5.6 SULFATE MODEL CALIBRATION
The assumption th~t sulfate does not adsorb onto the geologic material
during transport eliminated the need to estimate the partition coefficient (Kd).
The partition coefficient typically is associated with a high degree of uncertainty.
The calibration could then concentrate on adjusting source strength (influx rate
and concentration) and aquifer transport parameters (porosity and dispersivity) to
achieve a good fit to the observed sulfate plume.
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5.6.1 CALIBRATION TRIALS
As discussed previously, Volumetric flux in the SRCP was determined to
be 1,700 fe/day (48 m3/day). Concentrations for the ponds were set at 1988
observed sulfate concentrations. Porosity was initially set to 25% and longitudinal
and transverse dispersivities were set to 100 and 30 feet (30.5 and 9 m),
respectively. Source concentration across the coal piles was variable and was
initially distributed based on concentrations observed in monitoring w.ells near the
j .
coal piles. Concentrations ranged from 65 mg/L to 20,000 mg/L. These
concentrations were fixed during the entire 40-year simulation. At the start of
calibration it was assumed that the sulfate source concentratiol\---distribution was
the least known transport parameter. Therefore, initial parameter adjustments
focused on estimating coal pile source concentrations.
Porosity was also considered to be an important paramete'r in cOiltrolling
the size of the plume because of its strong ~ffect on pore water velocity. Changes
in porosity were examined during a sensitivity analysis, which is presented later.
Results from preliminary simulations showed that the lateral extent of the
plume matched the observed plume extent, but the concentration gradients within
the plume required some adjustments. Several trials were conducted in which the
coal pile source concentrations were varied in magnitude and aerial extent in an
.
attempt to match the steep concentration gradients inferred from the field data
(Figure 19).
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The final source adjustments involved establishing higher concentration
under the bituminous coal (southernmost) piles and relatively high concentrations
under the other coal piles. The source distribution beneath each coal pile was
distributed such that the highest concentration was centered beneath the coal pile,
and lower concentrations were set at the fringes of the coal piles (Figure 20).
Source concentrations estimated for the coal piles range from 3,000 mgjL to
45,000 mgjL. The highest concentrations are prescribed beneath the bituminous
piles. The source concentration was arrived at through an ,~terative (trial and
error) process.
Sulfate concentrations from shallow wells in the direct vicinity of the coal
piles (such as MW-16 and MW-15) were examined to help determine source
concentrations. Monitoring wells MW-16 and MW-15 are screened near the base
of the coal piles and are more representative of the coal pile leachate
concentration than deeper ground-water samples. Since it is assumed that the
source concentration increases towards the axis of the coal piles, the source
concentration zonation has a gradational increase in concentration towards the
centers of the. coal piles. The concentrations measured in monitoring wells MW-
16 and MW-15 are from ground-water samples, therefore, it is assumed that the
source concentrations near these wells is greater than the shallow ground-water
concentration. Additional high concentration source cells (zone 6) were used
along the edge of the bituminous coal pile to increase the model simulated sulfate
concentration in the ground water in the vicinity of MW-16 (Figure 20).
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Since current data was not available beneath the anthracite coal piles there
is less detail in the source concentration zonation. It was determined through the
calibration that a single row of 10,000 mg/L bounded by 3,000 mg/L source cells
improved the calibration (Figure 20). Data presented by Crosbie (1986)
contained a high concentration of sulfate (approximately 4,000 mg/L) in the
center of the anthracite coal pile. The monitoring well from w.hich this sample
was taken has been destroyed. It is possible that this sample, like MW-16 is
representative of shallow ground water. Mass flux is basically the source
concentration multiplied by the recharge infiltration rate (8.8 in/yr (0.2 m/yr».
The final concentrations in the ponds were set according to water quality analyses.
The original dispersivity value was increased from its nominal value of 100
feet (30.5 m), and longitudinal-to-transverse dispersivity ratio of 3 was also
increased. Adjustments within reasonable ranges widened or thinned the plume
slightly, but generally had small effects on concentration gradients within the
plume. Therefore, longitudinal dispersivity and the dispersivity ratio were not
changed from their initial values.
5.6.2 FINAL CALIBRATION
The final calibrated sulfate model plume is shown in Figure 21. The
'contour maps represent the concentration distribution for the entire thickness of
the model layer.
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The sulfate plume (delineated by the simulated 250 mg/L sulfate contour)
extends roughly 3,400 feet (1,036 m) in the eastern and western directions and
-
extends from the northwestern edge of the coal piles to the Susquehanna River.
Significant concentrations observed at depth indicate that the plume could actually
extend deeper than 60 feet (18.3 rn) in some areas, but a majority of the transport
is in the upper sand and gravel and fractured shale. The maximum computed
sulfate concentration is about 7,000 mg/L and occurs under the bituminous coal
pile near MW-16. Concentrations drop off quickly toward the Susquehanna River
from dilution by clean water infiltrating from upgradient precipitation recharge
and from the leachate in the SRCP. A dilution factor of three is estimated from
the model for the coal pile leachate as it mixes with the ground water. Sulfate
occurs only in the dissolved phase because it was assumed in constructing the
model that it does not adsorb onto aquifer materials during transport.
The computed plume after 20 years of coal pile leaching is nearly identical
to the sulfate plume simulated at 1988. This suggests that the plume is essentially
at steady state and has been for some time.
5.6.3 COMPARISON WITH FIELD DATA
As a check on the model calibration, the observed sulfate concentrations
.
measured in monitoring wells at the SES site in 1988 were compared with the
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concentrations computed at the model grid cell containing the observation well
(Table 4).
The well summary shows generally good agreement between sulfate
concentrations predicted by the model and observed values. The model
underpredicts concentrations at monitoring wells MW-15 and MW-16, which may
be due to averaging of concentrations by the ITI.O.f!.el. Concentrations at MW-15
and MW-16 are very shallow wells and are probably more representative of coal
pile leachate concentrations, not average ground-water concentrations.
Concentration around the SRCP indicate reductions in concentrations, which may
be due to less concentrated leachate infiltrating into the aquifer from the SRCP.
This agrees with the monitoring wells in th~\'icinity of 'the SRCP.
It is possible that MW-16 and MW-15 are representative of ground-water
~
concentrations. In this case, the model may not simulate the observed
concentration reduction towards the river. The model would require an
.<
additional source of clean water to produce the necessary amount of dilution.
This indicates that there may be an upward regional component of ground-water
flow that is not simulated by the model. This could be confirmed with the
.,
addition of a few deep monitoring wells just downgradient of the coal piles to
confirm the average ground-water concentrations. Additional bedrock wells could
be drilled near the river to determine regional flow gradients.
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5.7 SENSITIVITY ANALYSES
Evaluation of the transport parameter sensitivities of the calibrated sulfate
transport model was completed in phases. First, sensitivity analyses were
performed by changing the source concentrations beneath the coal piles.
Concentration estimates of the coal pile source strength have the highest degree
of uncertainty. Next, porosities were examined, and lastly, changes in dispersivity
ratios were examined. Sensitivity trials were conducted by varying one parameter
while holding all the others constant and then comparing the computed
concentrations and the shape and extent of the simulated plumes to those
produced by the calibrated model. Each sensitivity analysis was run for the same
amount of time as the calibration simulation.
The first sensitivity analysis was to vary the source concentrations beneath
the coal piles, especially under the bituminous pile. This sensitivity analysis was
'- performed to address the uncertainty regarding the e~timated concentrations in
the coal piles. Increased source concentrations were used to better match
monitoring wells MW-16. In the first sensitivity scenario concentrations under the
bituminous pile were increased to about 60,000 mg/L (Figure 22). Figure 23
depicts the results of this simulation. Subsequent increases in sulfate
concentrations beneath the bituminous pile are observed. , A similar scenario was
performed in which source concentrations were decreased to about 20,000 mg/L
beneath the bituminous pile (Figure 24). Figure 25 depicts the computed sulfate
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distribution. Concentrations at MW-16 are reduced significantly and the model
underpredicts sulfate concentrations downgradient of the bituminous piles. This
sensitivity analysis shows that substantial increases in the leachate concentration
results in proportional increases in ground-water concentrations. Monitoring wells
MW-16 and fvIW-15 are most likely not representative of average ground-water
concentrations. As previously mentioned, additional monitoring wells, shallow and
deep, are needed in this area to improve the estimates of leachate concentrations
and average ground-water concentrations.
The sensitivity of the model to changes in porosity was examined by
lowering and increasing the porosity by 50%. Changing the effective porosity by
50% produced insignificant changes in the computed sulfate distribution. The
model is insensitive to porosity because once the sulfate plume has reached
steady-state (equilibriumLground-water velocities no longer affect the
concentration distribution. The porosity does affect the time needed to reach
equilibrium. Even with a 50% reduction in transport velocities the plume reaches
steady-state by 1988.
Simulations were conducted in which dispersivity estimates and ratios
between longitudinal and transverse dispersivities were varied. Only the fringes of
the sulfate plume was affected by dispersivity. Higher ratios between longitudinal
and transverse dispersivities tended to reduce concentrations at the fringes of the
plume and lower ratios produce the opposite effect. The estimated values of
I
dispersivity appeared to provide the best calibration, although the model was not
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overly sensitive to the parameter. The ratio of 3:1 for longitudinal to transverse
dispersivity was estimated during the calibration. The longitudinal dispersivity was
. not overly sensitive because the leading edge of the plume has already reached
the river and the distance from the coal piles to the river is short. Additional
monitoring wells along the fr.inges of the plume may help to better constrain the
transverse dispersivity estimate.
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6.0 GEOCHEMICAL MODELING
The goals of geochemical modeling are:
• to identify those minerals that are dissolving (undersaturated)
and/or precipitating (supersaturated) along a recognized flow path,
* to determine the variatiop. in the number of moles of each mineral
entering or leaving the ground-water system, and
'~ to predict the hypothetical equilibrium ground-water geochemistry.
• to use the model results to help determine important geochemical
reactions occurring at the site and their effect on the distribution of
species at the SES site.
Geochemical models are also' u'sed to interpret chemical reactions in the
ground-water system using hydrochemical data. Chemical reaction modeling is
f~cilitated by calculation of equilibrium speciation, mass balance, and reaction
paths. The equilibrium speciation calculations determine the saturation state of
the water with respect to various minerals and gases of interest based on a
thermodynamic model and observed water quality data (Plummer and Back,
1980). Mass balance calculations determine amounts of assumed mineral
reactants and products that must dissolve or precipitate between selected initial
and final points in a system in order to account for observed water quality
(Plummer and Back, 1980).. Reaction-path calculations tell us what the chemical
composition of an aqueous solution should be and the amount of minerals
dissolved and precipitated. The reaction-path calculations depend on a
thermodynamic model definition of an observed or hypothetical starting water
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composition and an assumed set of irreversible reactions or mineral-water
equilibrium constraints (Plummer and Back, 1980).
6.1 EQUILIBRIUM EQUATIONS
The total concentrations of elements in the ground-water solution must be
known for the PHREEQE code to begin any given calculations. The total
concentration of an element must satisfy the mass balance (Parkhurst et al., 1982).
,
The mass balance for a particular element is represented by the total molality of
the element, which includes the sum of all the species bearing that element
(Parkhurst et al., 1982).
For ion pairs, the equilibrium constants are defined as a function of
~
temperature, either through specific empirical expressions or from the enthalpy of .
reaction and the Van't Hoff equation (Parkhurst, 1982).
The algebraic solution of a series of equations requires one independent
equation for each algebraic unknown. That is, for each element there is one mass
balance equation for one unknown concentration of the free species of each
element and one mass-action equation for each unknown concentration of an ion
pair (Parkhurst, 1982).
To handle phase equilibria calculations, each mineral phase adds one
algebraic unknown, which is the quantity of the mineral phase precipitated or
dissolved in a given calculation (Parkhurst, 1982). This term will appear in the
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require refinement (Stumm and Morgan, 1981).
mass balance equations for each element in the solid phase (Parkhurst, 1982).
The additional equation required for each mineral added to the system is
provided by the solubility product constant for that mineral, which relates it to the
solution via a mass-action equation (Parkhurst, 1982).
6.2 LIMITATIONS OF EQUILIBRIUM MODELING
Real systems mayor may not be closely approximated by equilibrium
models. Discrepancies between actual chemical composition and the composition
predicted from an equilibrium model are sometimes encountered (Stumm and
Morgan, 1981). Pertinent chemical equilibria may have been ignored in
formulating the model or important species in solid or solution phases not
considered. Thermodynamic data on assumed species and phases may be
incorrect or inadequate. Temperature, pressure, and activity corrections may
J)
The rates of some chemical reactions are such that equilibrium is only
slowly attained in the real system, the slowness of some chemical reactions will
cause discrepancies between the real system and an equilibrium model for the
species involved in these react{ons (Stumm and Morgan, 1981).
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6.3 ACID MINE DRAINAGE
Pyrite (FeS2) is the most widespread and abundant of all sulfide minerals
and can occur in almost any geologic environment (Hiskey and Schlitt, 1981) and
is recognized as the major source of acid mine drainage (Stumm and Morgan,
1981). Pyrite is generally formed in anaerobic seqj.ments where it was apparently
precipitated with the aid of sulfate-reducing bacteria (Hiskey and Schlitt, 1981). It
h
is a persistent mineral owing to the fact that there are surface films that retard
oxidation and prevent dissolution except at high oxidation potentials (Hiskey and
Schlitt, 1981). Pyrite crystals occur in many sedimentary rocks and constitute a
source of both ferrous iron and sulfate in ground water. Pyrite in particular is
commonly associated with biogenic deposits such as coal, which were formed
t I
under strongly reducing conditions (Hem, 1985). ,.
An X-ray powder diffraction analysis was used to examine coal fragments
from the SES site. Figure 26 and Table 5 show the results of the analysis; pyrite
was identified in the coal sample.
Acid mine drainage commonly arises from the exposure and subsequent
oxidation of the iron sulfides (mainly pyrite) in coals and associated rocks. The
general process can be described by the following sequence of reactions
generating sulfuric acid and ferrous iron (Stumm and Morgan, 1981).
FeSis) + 3.502 + H20 = Fe2+ + 2H+ + 2S0/
Fe2+ + 0.2502 + H+ = Fe3+ + 0.5H20
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Fe3+ + 3HzO = Fe(OHh(s) + 3H+
FeSzCs) + 14Fe3+ + 8HzO = 15Fez+ + 2S0t + 16H+
The second reaction above is considered to be the rate-determining step in the
dissolution of iron sulfide because the abiotic oxidation of Fez+ is very slow at
pH's typical of acid mine drainage (Brady, 1986). The oxidation of the sulfide of
the pyrite to sulfate releases dissolved ferrous iron and acidity into the water
(Stumm and Morgan, 1981). Subsequently, the dissolved ferrous iron undergoes
oxygenation to ferric iron, which then hydrolyses to form insoluble "ferric
hydroxide" releasing more acidity (Stumm and Morgan, 1981).
Oxidation-reduction reactions can be generalized to the following reaction:
~
Oxidized State + n(e-) ... Reduced State
where n denotes the number of electrons involved in the half-reaction. The free
energy is given by the following expression:
llGr = llGro + RT In(Q)
where llGro is the standard state free energy change; R is the gas constant; T is
the absolute temperature; and Q the reaction quotient (Hiskey and Schlitt, 1981).
The standard free energy is related to the standard half-cell potential EO by:
where F is the Faraday constant. The relationship between the free energy
change for the reaction and the half-cell potential is:
llG = - n F E
if Eh =E and the oxidation potential for the half-cell is expressed as follows:
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, '~
RTE = EO + - In Q
nF
This is the fundamental Nernst equation, which relates E to the activities
of the species involved (Hiskey and Schlitt, 1981). Many different oxidation
reactions may be used to describe dissolution of pyrite (Hiskey and Schlitt, 1981).
This research dealt with only one pyrite oxidation reaction in the chemical
modeling, therefore, only that reaction is discussed.
According to Hiskey and Schlitt (1981), in the sulfate domain FeSz
undergoes oxidation through the following reaction:
E = 0.354 - 0.067 pH + 0.0084 log aso;- + 0.0042 log aFe 2+
This relationship holds up to about a pH of 6.7, where ferrous ion is no longer
stable. At that point, pyrite is directly oxidized to insoluble iron hydroxide-type
products and soluble sulfate (Hiskey and Schlitt, 1981).
Natural leaching systems have two oxidants available for pyrite dissolution,
namely oxygen (air) and ferric iron. When oxygen is available, ferric iron, along
with sulfuric acid, can actually be generated in situ as a consequence of pyrite
c
oxidation itself (Hiskey and Schlitt, 1981). These solutions generally have high
oxidation potentials (E) associated with them. This E value depends on the
ferric/ferrous couple and is characterized by the following relationship (Hiskey
and Schlitt, 1981).
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, aFe 2>E = O. 77 1 + O. 059 log--
aFe »
Aqueous oxidation of pyrite is considered to be a slow process dependent
on kinetics. In the context of chemical modeling, pyrite should not be considered
a mineral in equilibrium with the solution. The kinetics of pyrite oxidation are
directly proportional to the solution oxidation potential (ferric/ferrous ratio) and
are independent of the total iron concentration (Garrels and Thompson, 1960).
Near equilibrium conditions (low oxidation potential) elemental sulfur is produced
by the ferric ion oxidation of pyrite. However, with excess ferric ion (high
oxidation potentials), sulfate is the dominant sulfur product (Garrels and
Thompson, 1960).
In these and other experiments dissolved oxygen and pH highly influence
the oxidation rate. Generally the oxidation of pyrite is increased with pH.
However, in aqueous systems that have pH values below 5.2, certain iron bacteria
prevail which catalyze and accelerate the oxidation rate (NRC, 1981). To some
degree, the occurrence of the catalyzing bacteria in the natural environment is
controlled by the presence of calcareous material, since the presence of carbonate
tends to generate alkaline waters, which inhibit the viability of the microorganisms
(NRC, 1981).
Variations in pyrite morphology and crystallography significantly affect the
rate of pyrite oxidation (NRC, 1981). Differences in acid production from strata
of similar sulfur contents (and pyrite content) can be explained by variations in
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pyrite morphology: finer grained « 0.25 It) pyrite oxidizes more rapidly than do
the coarse-grained (> 50 It) particles.
6.4 MODELING METHODS
The geochemical model was used with the chemical analyses from on-site
wells. Chemical analyses included major ion concentrations, pH, D.O.,
ferric/ferrous and sulfide/sulfate comparisons (Table 6). The ferric/ferrous ratio
was used to determine the redox potential for each chemical analysis. The
modeling required some knowledge of the minerals most likely to influence the
ground-water geochemistry. The choice of mineral interaction is based on site
geology and the composition of the leachate.
The redox potential of a natural water is difficult to measure in the field
and a range of redox values for different couples (e.g., Fe(II/III) and sot/S2-)
may coexist in any given water sample (Nordstrom and Munoz, 1986).
Preliminary geochemical modeling was performed with WATEQF
(Plummer et. al., 1976). WATEQF calculates the equilibrium distribution of
inorganic species of major and important minor elements in natural waters using
the chemical analyses and in situ measurements of temperature, pH, and redox
potential (Truesdell and Jones, 1974). WATEQF was used initially to compute an
empirical value of pe for the water quaiity analyses at the SES site from the
empirical E-pH relation for waters in contact with the atmQsphere~<Sato, 1960).
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These empirical values of pe were used as input into PHREI;QE for mineral
phase equilibrium modeling at the SES site.
6.5 DISCUSSION OF MODELING RESULTS
The next three sub-sections, describe in detail the distribution of aqueous
species at equilibrium in the initial solution and equilibrium final solution. The
initial solution examines the simple equilibrium speciation of the water quality
analysis without interaction with mineral phases. The saturation of common
mineral phases is also examined. The final solution examines the solution after it
has been brought to equilibrium with commonly found minerals, a pyrite oxidation
reaction, and calcite dissolution reaction. All results will be presented in terms
of dominant species, pH trends, mineral saturation states and effects of mineral
precipitation and dissolution.
6.5.1 GEOCHEMICAL DESCRIPTION OF SITE GROUND-WATER
Ground-water beneath the coal piles at the SES site is typical of acid mine
drainage. Dominant ions present in ground-water include sulfate (SO/-), calcium
(Ca), iron (Fe), magnesium (Mg), manganese (Mn), sodium (Na), chloride (CI),
potassium (K), aluminum (Al), and barium (Ba). The pH ranges from 3.0 to 6.6.
Chemical analyses were conducted for 21 monitoring wells in 1988. The complete
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water quality analyses for all wells used in the study are listed in Appendix A.
Figure 14 shows the location of each well. Figure 27 depicts the pH distribution
around the site. Figures 28 through 36 are plots that show the measured
concentrations of major ions found at the site.
Sulfate, the most dominant ion found at the SES site, is generally at a
maximum beneath the coal piles (Figure 28). As ground-water flows beyond the
coal piles, south towards the Susquehanna River, sulfate concentrations decrease
slightly. Monitoring well MW-16 shows the highest concentration of any well at
the SES site. This well is screened near the base of the bituminous coal pile.
High concentrations can be expected at this point due to the proximity of the well
to the coal pile, the primary source of sulfate at the SES site. Sulfur speciation
performed at the lab (Lancaster Labs) indicate that all sulfur is in the form of
sulfate complexes (Table 6). The range in total sulfate ranges from -3.3 log molar
(MW-2) to -0.6 log molar (MW-16). The sulfate distribution (Figure 28)
correlates closely with the pH distribution (Figure 27). The highest sulfate
concentrations and lowest pHs occur in the southern portion of the site. Model
simulations indicate that the dominant sulfate species are HS04-, CaS04
o
, AlS04+,
KS04-, and FeSOt Appendix B contains bar charts depicting the complete
speciation of the observed water quality at the SES site. Less dominate sulfate
species include MgS04°, and NaS04-.
Iron occurs in a similar distribution to sulfate (Figure 29). Total iron
concentrations range from -6.284 log molar (MW-2) to -0.8512 log molar (MW-
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16). Table 6 contains lab iron speciation results; Fe (II) exists in higher
concentrations than Fe (III). Model speciation of the water quality analyses
indicates that the dominant iron species are uncomplexed Fez+ and FeS04°~
Other iron species occurring in lower concentrations are uncomplexed Fe3 +, iron
hydroxides, and iron chlorides. Bar charts in Appendix B show the complete
-distribution of iron species at the SES site.
The calcium distribution deviates slightly from the trend observed in sulfate
and iron (Figure 30). Calcium concentrations increase to a maximum in ground-
water beneath the coal piles and is found at much lower concentrations in the
southeastern portion of the site. Total calcium raJlges from -2.97 log molar (MW-
2) to -1.89 log molar (MW-16). Calcium increases are probably due to leaching
of the fly ash at the base of the bituminous piles. Fly ash is predominantly
composed of SiOz (70%) and CaO (30%). The CaO content of 30% in fly ash is
considered to be a maximum because actual analyses at the SES site show that
the CaO content is much less than 20% (Personal Communication, Jim Villaume,
1992).
Other species, such as magnesium, potassium, and aluminum appear in a
similar distribution as sulfate and iron (Figures 31 through 34). The manganese
distribution deviates slightly in that the highest concentration is found at
monitoring well MW-15. This may be the result of a laboratory analysis error.
The following distributions were determined from model analyses: potassium is
generally present in lower concentrations than magnesium and manganese;
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magnesium exists predominantly as Mg2+ and MgS04
0
; manganese and potassium
exist as Mn2+ and MnS04°, and K+ and KS04-, respectively; and aluminum
occurs in two major forms, Al3+, and AlS04 +. Aluminum also forms minor
amounts of hydroxides. At very low pH (about 3.3) the dominant aluminum
species is AlSO/, and at high pH (6.0) the dominant aluminum species are
aluminum hydroxides.
Sodium and chloride generally remain as free ions in the ground-water
beneath the SES site (Figures 35 and 36). Chloride does not follow the same
distribution as other species and is considered to be independent of the coal pile
leachate (Figure 35). Other species, such as sulfate, increase in concentration
beneath the coal piles then quickly decrease in concentration downgradient of the
coal piles. Chlorides show and overall decrease towards the Susquehanna River
(Figure 35). Sodium concentrations are slightly higher in the southern portion of
the site and is probably related to leaching of sedimentary rocks, clay minerals, or
possibly from the fly ash (Figure 36). Sodium (Na20) is generally occurs in fly
ash in low percentages ( < 1%).
6.5.2 MINERAL SATURAnON STATES
The stability of minerals commonly associated with the aquifer material
and acid mine drainage were examined. These minerals include gypsum, barite,
gibbsite, FeOH3(a) ("Yellow Boy"), hematite, goethite, K-jarosite, calcite, and
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pyrite. Table 7 lists the saturation indicies (log lAP jKT) of theSe minerals at
each monitoring well.
Gypsum (CaS04 • 2H20) is undersaturated in most wells, but is slightly
supersaturated in very low pH wells. Precipitation of gypsum is noted in some
well logs at the site and along the Susquehanna"River seepage face (Dunn, 1985).
Even though barium occurs only in trace concentrations, the mineral barite
(BaS04) was supersaturated throughout most of the site except for wells with a
high pH, such as MW-13 (pH=6.7). Gibbsite (Al(OH)3) is undersaturated
throughout the site with the exception of wells with a pH less than 5, where it is
supersaturated. Fe(OH)ia) is undersaturated in mostly low pH wells.
Fe(OH)ia) is strongly undersaturated (log lAP jKT =-4.24) in canal water, which
is consistent with the yellowish color of water observed in the canal. Pyrite is
strongly undersaturated in all wells. This is expected since it is assumed that
oxidation of pyrite is the driving reaction producing the low pH leachate.
Potassium jarosite [KFeiS04)iOH)6], a mineral commonly formed in low pH
solutions, is generally supersaturated in most wells at the site. Kashkay et al.
(1975) list experimentally determined thermodynamic data for potassium jarosite.
Potassium jarosite is not found in the PHREEQE internal thermodatabase and
had to be added. In general terms, minerals that are supersaturated will tend to
remove their constituent ions from the ground-water solution phase to form
precipitates as the solution comes to equilibrium with the mineral species.
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Undersaturated minerals will tend to -add i,ons to the solution as the mineral
phase dissolves in the ground water.
6.5.3 PHASE TRANSFER MODELING GROUND-WATER SOLUTIONS
Equilibrium phase transfer modeling was performed with the PHREEQE
code. Minerals were brought to equilibrium simultaneously with ground-water
samples from each monitoring well. This will help to identify dominant reactions
occurring at the SES site. Minerals brought to equilibrium include gypsum,
barite, gibbsite, Fe(OHh(a), potassium jarosite, calcite, and pyrite. Pyrite
oxidation is the driving force in acid mine drainage and is kinetically controlled.
Thus, pyrite generally never reaches equilibrium. Minerals, with the exception of
pyrite and calcite, were automatically brought to equilibrium by the PHREEQE
code. The reactions for pyrite oxidation and calcite dissolution are as follows:
H + CaC03 ... HC03- + Ca
2
+
8H20 + FeS2 ... Fe
2
+ + 2S0/ + 14e- + 16H+
Pyrite and calcite were included in the model simulations by adding small
amounts of each reaction (pyrite and calcite dissolution) through reaction steps.
The amount of each reaction added was limited by holding the computed pH of
the solution. The reaction steps were added until a change in the computed pH
was observed. Since pyrite oxidation is limited by kinetics, holding the pH limited
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the amount of pyrite oxidatio~approximate kinetic effects. Davis and Runnels
(1987) used a similar technique to model redox-sensitive species.
Reaction path modeling is used to determine the dominant reactions
occurring at the SES site. Even though many of the reactions are kinetically
controlled and true equilibrium may never occur, some insight will be gained into
the chemical behavior of the ground water. The complete equilibrium speciation
for all wells used in the study is listed in the Appendix B. Figures 37 through 45
are plots of the equilibrium concentrations of major ions found at the site.
The equilibrium sulfur concentration is generally dependent on the amount
v
of pyrite reaction added to the solution. This is dependent on many factors
including pH, E, and distributions of other species present. Solutions with lower
pH and higher E generally are capable of dissolving more pyrite, thus, increasing
the total sulfur concentration towards equilibrium. Even though sulfate bearing
minerals were supersaturated in the initial solutions, sulfate concentrations
increased. In higher pH well solutions, equilibrium sulfate concentrations do not
differ much from the starting solution, while other wells, such as MW-16, show
drastic increases in sulfate (Figure 37). These increases occur because more
pyrite reaction can be added before the pH of the solution is affected.
Uncomplexed sulfate (Sot) is the dominant sulfur species in the solution.
Calcium sulfate (CaS040) behaves similarly to changes in uncomplexed sulfate,
maintaining about the same ion ratio with sulfate. In wells with a pH be!ow 6,
increases in HS04- occurred. Overall, decreases were noticed in FeS04° and
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KS04- and minor increases in MgS040 and NaS04-. The changes in KS04- are
controlled mainly by the saturation state of potassium jarosite. Aluminum sulfate
(AlSO/) decreases in low pH wells.
Iron behaves oppositely to sulfate at equilibrium. In most wells the total
iron is less than in the starting solution (Figure 38). Iron precipitates in the form
of Fe(OH)3(a) and potassium jarosite [KFe3(S04)iOH)6]. Precipitation of
potassium jarosite is limited by the amount of potassium in the initial solution.
Ferrous iron (Fe II) is oxidized to ferric iron (Fe III).
Calcium, generally shows some increases due primarily to the buffering
calcite dissolution reaction (Figure 39). Uncomplexed calcium (Ca2+) remains
unchanged from the initial solution, but carbonate complexes with most metals
exist in the equilibrium solution. These species vary greatly with pH. In low pH
wells, carbonic acid (H2C03) and bicarbonate (HC03-) are the dominant species.
Potassium shows dramatic decreases in many wells due to precipitation of
;
potassium jarosite (Figure 40). Aluminum varied differently across the SES site
and is controlled primarily by the saturation state of gibbsite. In many low pH
wells, such as MW-7, MW-ll, and MW-16, in which gibbsite was undersaturated,
aluminum increased at equilibrium. The opposite effect was seen in higher pH
solutions.
Other species such as magnesium, manganese, sodium, barium, and
chloride remained unchanged in concentration through equilibrium (Figures 41
through 45). In many cases, the speciation changed, but total amounts of the
63
species did not change. These species are good indicators of other physical
phenomena (dilution or mixing) unrelated to chemical interaction, since no
reactions were simulated that would affect these species.
These analyses basically show that pyrite oxidation is a viable process in
the production of acidic leachate at the SES site. The modeling also identified
many reactions, such as the precipitation of gypsum, which were observed at the
site. It also showed that these and other minerals have a minor impact on the
observed concentrations of some species.
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7.0 CONCLUSIONS
The computed hydraulic head distribution suggest a southeasterly flow
direction beneath the site approximately perpendicular to the Susquehanna River.
Slight mounding occurs around the SRCP as vertical leakage from the pond
infiltrates into the aquifer.
The final source adjustments involved establishing higher concentrations
under the bituminous coal piles and relatively high concentrations under the other
coal piles. The source distribution beneath each coal pile was concentrated such
that the highest concentration was directly beneath the coal pile, and lesser
concentrations were set at the fringes of the coal piles.
This study represents the first attempt at assessing the source
characteristics of the coal piles.,§ource concentrations were estimated empirically
. ~ ..
through the solute transport modeling analysis. There is a high degree of
uncertainty regarding these estimated values. There is virtually no field data
which directly represents the concentration or infiltration rate of the coal pile
leachate. Therefore, additional field investigations should be undertaken to better
characterize the coal pile leachate concentration and infiltration rate. This
information will reduce the uncertainty in source estimation and will better
constrain future modeling efforts. The calibrated model suggests that the
distribution of sulfate can be explained by simple dilution of the coal pile leachate
as it mixes with ground-water flowing beneath the site. Additional field
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investigations should determine the average ground-water concentrations beneath
the coal piles to determine whether or not monitoring wells such as MW-16 and
MW-15 are indicative of coal pile leachate concentrations or average ground-
water concentrations. Model analyses indicate that these wells are representative
of leach,ate concentrations at the base of the coal piles. Additional data beneath
the coal pile is needed to confirm the results of this study.
There is generally good agreement between sulfate concentrations
predicted by the model and observed values. Concentrations around the SRCP
indicate reductions in concentrations, which may be due to less concentrated
leachate infiltrating into the aquifer from the SRCP. This agrees with the
monitoring wells in the vicinity of the SRCP. The sulfate plume has reached
steady-state conditions over the forty year simulation period.
If ground-water concentrations beneath the coal piles are higher than
simulated in this study, the model may underpredict the amount of dilution
necessary to reduce concentration towards the river. In this case it is most likely
that an upward regional component of flow exist and is important. A regional
three-dimensional flow model would have to be developed to investigate this
properly. Additional water quality analyses should be performed in the runoff
ponds to determine their average concentration.
Ground water beneath the SES site is typical of acid mine drainage.
Sulfate, the most dominant ion found at the SES site, is generally at a maximum
beneath the coal piles. As ground water flows beyond the coal piles, south
towards the Susquehanna River, sulfate concentrations decrease.
Chloride does not follow the same distribution as other species and is considered
to be independent of the coal pile leachate. Chlorides decrease towards the
Susquehanna River. This suggest that chloride is undergoing dilution effects
similarly to sulfate as it migrates towards the river.
Results from the geochemical modeling suggest that sulfate (and other
conservative species) attenuate towards the Susquehanna River primarily through
dilution. Geochemical modeling supports many of the reactions thought to be
occurring at the site and indicates that minor concentration reduction is occurring
through the precipitation of minerals. The sulfate plume could also be buffered
by addition of calcium carbonate, but monitoring well data downgradient of the
coal piles generally shows low calcium concentrations, which suggests that there is
not much natural buffering of the plume by calcite in the unconsolidated
sediments.
The results of this research, suggest a primary mechanism of dilution to
describe the current plume geometry at the SES site. Some deficiencies in the
model calibrations are evident, for example the possible underprediction of sulfate
concentrations beneath the bituminous coal pile. Data should be collected in the
future that addresss the vertical distribution of solute concentrations. If significant
variability exist with depth, a three-dimensional analysis, which was beyond the
67
scope of this res'earch, should be performed to ~educe the vertical averaging of the
solute concentration that exists in the two-dimensional model simulations.
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"
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MW-2 4 24 43.6 "\ 32
"MW-3 7 37 66 34
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Table 5. X-Ray power diffraction summary.
APD1700 Automated Powder Diffractometer System 1
Listed DI field name SUNCP.DI
Original data file name SUNCP.RD
Sample Identification COALPILE
Measurement data/time 5-AUG-88 14:53
Generator settings 45 kV, 30 rnA
Cu alphal.2 wavelengths 1.54060, 1.54439 Ang
Step size. sample time 0.020 deg, 1.20 s, 60.0 s/deg
Monochromator used Yes
Divergence slit Automatic (Specimen length: 13.0 mm)
Analysis program number 2
Peak angle range 4.000 - 40.000 deg
Range in D spacing 2.25221 - 22.0720 Ang
Peak position criterion Top of smoothed data
Cryst peak width range 0.05 - 2.00 deg
Minim peak significance 0.75
Number of peaks in file 19 (Alphal: 19. Amorphous: 0)
Maximum intensity 1170. cts. 974.7 cps
Peak Angle Tip width Peak Backg D spac I/Imax Type Sign
no (deg) (deg) (cvs) (cts) (Ang) (%) Al A2 at
1 8.6650 1.12 14. 135. 10.1967 1.23 XX 2.88
2 12.6000 0.24 76. 106. 7.0197 6.47 XX 2.14
3 18.4050 0.64 36. 90. 4.8167 3.08 XX 0.81
4 20.0075 0.10 128. 96. 4.4343 10.92 XX 0.89
5 21.1350 0.06 182. 104. 4.,2003 15.58 XX 0.95
6 25.1775 0.12 172. 139. 3.5343 14.67 XX 0.91
7 25.5450 0.16 139. 139. 3.4543 11.90 XX 0.93
8 26.3775 0.18 1170. 130. 3.3145 100.00 XX 19.50
9 28.7650 0.16 100. 119. 3.1011 8.55 XX 1.58
10 30.1575 0.48 13. 112. 2.9610 1.11 XX 1.07
11 32.2200 0.12 12. 100. 2.7760 1.05 XX 0.76
12 33.3000 0.14 350. 94. 2.6884 29.90 XX 4.17
13 35.2000 0.28 159. 94. 2.5475 13.57 XX 3.02
14 36.1975 0.24 76. 74. 2.4796 6.47 XX 1.12
15 36.7975 0.08 137. 94. 2.4405 11.70 XX 1.02
16 37.3400 0.10 256. 94. 2.4063 21.89 XX 1.29
17 38.0100 0.16 83. 94. 2.3654 7.08 XX 0.95
18 38.6825 0.20 90. 94. 2.3258 7.72 XX 1.00
19 39.7050 0.10 102. 94. 2.2683 8.72 XX 0.95
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Figure 1. Sunbury Electric Station site location map.
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Figure 2. Site map showing the location of coal piles
and monitoring wells.
81
Figure 3. Weathered bedrock isopach map (Dunn
1987).
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Figure 4. Bedrock contour map (Dunn 1987).
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Figure 5. Isopach map of the sand, gravel and boulder
facies (Dunn 1987).
84
Figure 6. Isopach map of the sand and clay facies
(Dunn 1987).
85
Figure 7. Isopach map of the sand and gravel facies
(Dunn 1987).
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Figure 8. Topographic map of the site with cross-
section locations (Dunn 1987).
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Figure 10. Cross-section C-C'.
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Figure 13. Cross-section F-P.
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Figure 14. Site map showing the location of coal piles
and monitoring wells.
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Figure 15. Finite-difference grid and boundary
conditions of the model.
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a
Simulated hydraulic head residuals (residuals
(observed - computed) are in feet).
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Figure 19. Observed sulfate concentration contours
(concentrations are mg/L).
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Simulated sulfate concebtration contours for
the calibrated model (concentrations are
mg/L, observed values are posted).
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Figure 22. Sulfate source zonation for the increased
source sensitivity analysis.
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Figure 23. Simulated sulfate concentrations contours for
the increased source sensitivity analysis
(concentrations are mg/L, observed values
are posted).
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Figure 24. Sulfate source zonation for the decreased
source sensitivity analysis.
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Figure 25.
-------------,---
Simulated sulfate concentrations contours for
the decreased source sensitivity analysis
(concentrations are mg/L, observed values
are posted).
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Figure 27. Observed pH contours.
106
---Q)
Q)
'+-
t.{)
N
t.{)
W
---.J
<t:
u
(/)
0
~,
~\~
E)
\
Figure 28. Observed sulfate concentration contours
(concentrations are mg/L).
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Figure 29. Observed iron concentration contours
(concentrations are mgjL).
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Figure 30. Observed calcium concentration contours
(concentrations are mg/L).
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Figure 31. Observed magnesium concentration contours
(concentrations are mg/L).
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Figure 32. Observed manganese concentration contours
(concentrations are mgjL).
111
W
-J
«
u
if)
-QJ
OJ
e,-
Lf)
0)
Lf)
o
Figure 33. Observed potassium concentration contours
(concentrations are rng/L).
112
\W
-J
«
u
Ul
o
Figure 34. Observed aluminum concentration contours
(concentrations are mgjL).
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Figure 35. Observed chloride concentration contours
(concentrations are mgjL).
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Figure 36. Observed sodium concentration contours
(concentrations are mg/L).
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figure 37. Simulated equilibrium sulfate concentration
contours (concentrations are mg/L).
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Figure 38. Simulated equilibrium iron concentration
contours (concentrations are mg/L).
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Figure 39. Simulated equilibrium calcium concentration
contoUrs (concentrations are mg/L),
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Figure 40. Simulated equilibrium potassium
concentration contours (concentrations are
mgjL).
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Figure 41. Simulated equilibrium magnesium
concentration contours (concentrations are
mg/L).
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Figure 42. Simulated equilibrium manganese
concentration contours (concentrations are
mgjL).
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Figure 43. Simulated equilibrium sodium concentration
contours (concentrations are mg/L).
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Figure 44. Simulated equilibrium barium concentration
contours (concentrations are mgjL).
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Figure 45. Simulated equilibrium cWoride concentration
contours (concentrations are mgjL).
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GROUm HATER HON1TCRINQ
SUNBURY COAL PILE
CHEHICAL AUALYSIS DATA
HOaTORING POINT I B
DOHNGRlDIENT HELL
DATE 11/15/8~ 10/16/85 03/16/88
DEPTH TO HATER CFT)
GROUND HATER ELEY. 1FT)
TIHE SAMPLED CHR-HIN)
LAB ANALYSIS BY
TEHPERATURE CDEGREES C)
PH AT CaLL. (STD. UNITS)
SP. CDND. AT CaLL. (UHHOS)
LAB. PH CSTD. IR,ITS)
LAB. SP. cmtD.CUMHOS)
TOTAL HARDNESS CCALCULATED)
PHENO. ALKLTY. CAS CAC03)
H. O. ALKLTY. CAS CAC03)
CIILORIDE
FLUORIDE
SULFATE
NITRATE (AS N)
HETALS (tlG/L)
·1400
LLI
·5.60
3650.0
·20.0
48.50
2560.0
0.09
DIS.
.
1230
LLI
.
6.95
3210.0
<1.0
13.0
43.00
2200.0
DIS.
18.8
~22.0
1255
SSM
12.6
6.50
2710.0
~.47
2780.0
.
27.00
2210.0
DIS.
CALCIUH
HAGNESIlI1
SODIUH
POTASSIUH
ALUHINlI1
ANTINONY
ARSENIC
BARIlI1
BERYLLIUi
BORON
CADHIUH
CHROHIlI1
COPPER
-,IRON
LEAD
LITHIlI1
MANGANESE
HOLYBDENlI1
NICKEL
SELENIUrt
STRONTIlJ1
THALLIUH
ZINC
762.0
126.0
46.0
1.7
<0.30
<0.010
<0.500
0.0200
<0.100
0.020
107.000
<0.050
26.400
.
0.320
<0.010
0.210
516.0
119.0
41.2
2.7
<0.10
<o.oo~
0.022
<0.0050
<0.050
0.070
137.000
<0.050
32.100
<0.05
0.070
<0.004
.
0.060
520.0
109.0
43.1
1.9
<0.10
<0.002
<0.030
<0.003
<0.0005
0.013
158.000
<0.001
32.500
0.433
0.167
I
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GROUfD HATER MONITORING
SUNBURY COAL PILE
CHEHICAL AIIALYSIS DATA
MONITORING POINT: C
DOHNGRADIENT HELL
--------------------------------------~
DATE 11/16/84 10/17/85
DEPTH TO HATER 1FT)
GROUND HATER ELEV. 1FT} .
TIME SAtlPLED I HR-HIN) 1015 1500
LAB ANALYSIS BY LLI LLI
TEIIPERATURE IDEGREES C)
PH AT COLL. ISTD. UNITS)
SP. COND. AT COLL. IUllllOS }
LAB. PH ISTD. UUITS) 6.10 5.99
. LAB. SP. corm. IUltllOS ) :1830.0 2660.0
TOTAL HARDNESS ICALCULATED)
PHENO. ALKLTY. lAS CAC03) <1.0
M. O. ALKLTY. lAS CAC03) 25.0 11.0CHLORIDE 39.40 31.00FLUORIDE
SULFATE 1910.0 1900.0NITRATE IAS N) 0.16
tlETALS IHG/L ) DIS. DIS.
------------------------
CALCIUM 494.0 410.0
MAGNESIUl1 88.0 78.7SODIl1M 36.0 29.9
POTASSIUl1 1.8 4.4
ALUMItllJ1 <0.30 0.10ANTItlONY
ARSEIIIC <0.010 <0.004BARIUM <0.500 0.015
BERYLLIUH
DOROll
CADllIUlI 0.0100 <0.0050
. CHROMIUM <0.100 <0.050COPPER 0.010 <0.050
IRON :126.000 216.000LEAO· <0.050 <0.050
LITHIUM
MAt/GANESE 20.600 18.000HOLYBOENUH <0.05
NICKEL 0.470 0.250SELENIUM <0.020 <0.004STRONTIUlI
THALLIUl1
ZINC 0.460 0.330
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GROlIID HATER tfONITORItIG
SUUBURY COAL PILE
CIIEHIeAL ANALYSIS DATA
MONITORING PoINTt CANl
DOI'lNGRADIENT HELL
DATE 02/18/88 03/16/88
21.00
860.0 1260.0
DIS. DIS.
151.0
67.5
25.7
4.9
45.10
0.078
<0.030
0.011
0.0080
0.OB1
59.500
<0.001
47.500
1.000
2.190
DEPTH TO HATER 1FT)
GROUND HATER ELEV. 1FT)
TIME SAHPLED IHR-HIN)
LAB ANALYSIS BY
TEI1PERATURE IDEGREES C)
PH AT CalL. ISTD. UNITS)
SP. CONDo AT CalL. I~~HOS)
LAB. PH ISTD. UNITS)
LAB. SP. COUD.I U11HOS)
TOTAL HARDtIESS ICALCULATED)
PHENO. ALKlTY. lAS CAC03)
M. O. ALKLTY. lAS CAC03)
CIlLORIDE
FLUORIDE
SULFATE
NITRATE IAS N)
HETALS IMG/L)
CALCIUI1
tlAGNESIlJ1
SODIUM
POTASSIlJ1
ALUHItUt
ANTItlotrt
ARSEnIC
BARl~
BERYlLIlJ1
BORON
CAOHIUH
CHROHIUi
COPPER
IRON
LEAD
LITHIUi
HAtlGAtlESE
tIOlYB0EtUI
NICKEL
SELENIlJ1
STRONTIUi
THALLIUi
ZINC
.
1345
LLI
3.60
1190.0
3.6
422.6
1845
SSM
3.0
3.30
2040.0
2.85
2090.0
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GROUND HATER HmJITOnIt~
sutmURY COAL PILE
CIIEMICAL AtJALYSIS DATA
MONITORING POINTl CL1A
DOIINGRADIENT HELL
DATE 11/19/84 10/10/85 03/16/88
UEPTH TO HATER IFTI 5.2
GROUUD HATER ELEV. 1FT) . 431.1
TIllE SAMPLED IHR-HINJ 1400 1630 1705
LAB ANALYSIS BY LLI LLI SSt1
TEI1PERATURE IDEGREES CI 10.9
PH AT COLL. ISTD. UNITS 1 6.50
SP. COND. AT COLL. IUl'IHOS 1 . 560.0
LAB. PH ISTD. utlITS 1 7.00 6.94 6.95
LAB. SP. COND.IUMHOSI 540.0 514.0 542.0
TOTAL HARDt lESS ICALCULATED 1
PIlENO. ALKLTY. lAS CAC031 <1.0
H. O. ALKLTY. lAS CAC031 126.0 120.0 131.0
CIILORIDE 52.20 50.00 62.00
FLUORIDE
SULFATE 65.3 65.0 65.4
NITRATE lAS NI 0.00 .~
HETALS ItIG/L 1 DIS. DIS. DIS.
_.... _--------------------
CALClut1 71.4 61.0 53.6
tlAGNESIUH 12.6 11.8 15.2
SODIUM 16.5 14.1 25.4
POTASSIlJ1 0.8 0.6 0.6
ALlMItU1 <0.30 <0.10 <0.10
ANTIMotlY
ARSENIC 0.002 <0.004 <0.002
BARIUM <0.500 0.107 <0.030
BERYLLIlJ1 <0.003
BORON
CAOHIUl1 0.0100 <0.0050 <0.0005
CHROHIlM <0.030 <0.050
COPPER <0.010 <0.050 <0.009
IRON 2.560 4.260 3.610
LEAD <0.050 <0.050 <0.001
LITHIlM
MANGANESE 1.320 0.914 1.040
HOLYBOEtuI . <0.05
NICKEL <0.030 <0.050 <0.010
SELENIlJ1 <0.001 <0.004
STRONTIlJ1
THALLIlM
ZINC <0.010 <0.050 0.013
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GRoutlD HATER tlOUITORIUG
Su:mURY COAL PILE
CHEHICAL ANALYSIS DATA
HONITORING POINT: CL1B
DOI~GRADIEUT HELL
DATE 11/19/64 10/10/65
DEPTH TO HATER 1FT)
GRoutlD HATER ELEV. I FTI .
TIHE SAtlPLED IHR-MIN) 1245 1530
LAB ANALYSIS BY LLI LLI
TEMPERATURE IDEGREES CI
PH AT COLL. ISTD. UNITS)
SP. COtlD. AT COLL. IUNIIOS)
LAB. PH ISTD. UNITS) 6.90 6.93
LAB. SP. COND. IltlllOS ) 555.0 546.0
TOTAL HARDl/ESS ICALCULATED)
PIIENO. ALKLTY. I AS CAC03 I <1.0
H. O. ALKLTY. lAS CAC03) 125.0 126.0
CIILOiUDE 58.80 54.00
FLUORIDE
SULFATE 64.5 70.0
NITRATE IAS NI 0.00
tlETALS IHG/L I DIS. DIS.
------------------------
CALCIUM 75.0 63.6
HAGtlESIUH 12.3 10.8
SODIUl1 17.9 17.2
POTASSIUH 0.8 0.9
ALUl1INUH <0.30 <0.10
ANTItlOlN
ARSENIC 0.002 <0.004
BARIUl1 <0.500 0.081
BERVLLIUH
BORON
CADlIIUH 0.0100 <0.0050
CHROMIlkt <0.030 <0.050
COPPER 0.010 <0.050
IRON 2.730 2.560
LEAD <0.050 <0.050
LITHIlkt
HANGAtiESE 0.680 0.567
HOLYBDENUN <0.05
NICKEL <0.030 <0.050
SELENIUH <0.001 <0.004
STRONTIlkt
THALLIUH
ZINC <0.010 <0.050
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GRoutlD HATER HONITORltlG
SUNBURY COAL PILE
CHEMICAL ANALYSIS DATA
MONITORING POINT: CL1C
DOIINGRADIEtrr HELL
DATE 11/19/84 10/10/85
DEPTH TO HATER IFTI
GROlltlD HATER ELEV. 1FT)
TItlE SAMPLED IHR-MIN) 1100 1430
LAB ANALYSIS BY LLI LLI
TEMPERATURE IDEGREES C)
PH AT COLL. ISTD. UNITS)
SP. CQtlD. AT COLL. IUI1HOS ) . .
LAB. PH ISTD. UNITS) 7.10 7.08
LAB. SP. COND .IUMHOS ) 595.0 534.0
TOTAL HARDtIESS ICALCULATED)
PHENO. ALKLTY. lAS CAC031 <1.0
H. O. ALKLTY. lAS CAC03) 144.0 128.0
CIILORIDE 58.20 54.00
FLUORIDE
SULFATE 67.5 66.0
NITRATE lAS NI 0.01
tlETALS (HG/L1 DIS. DIS.
------------------------
CALCIUM 85.3 64.9
MAGNESIlR1 12.6 11.0
SODIUM 16.3 14.6
POTASSIlJ1 1.0 0.6
ALut1ItUi <0.30 <0.10
ANTIMONY
ARSEtlIC 0.002 <0.004
BARIUM <0.500 0.109
BERYLLIlJ1
BORON
CADHIut1 <0.0100 <0.0050
CHROMIlJ1 <0.030 <0.050
COPPER 0.010 <0.050
IRON 2.640 2.330
LEAD <0.050 <0.050
LITHIlJ1
HAtlGAtlESE 0.500 0.450
ttOLYBDEtui <0.05
NICKEL <0.030 <0.050
SELENIUH <0.001 <0.004
STRONTIUH
THALLIlJ1
ZINC 0.010 <0.050
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GnOltID HATER HONITORING
SUNBURY COAL PILE
CIIEHICAl AtlAlYSIS DATA
M~~ITORING POINTI Cl2A
DOUNGRADIEtlT !'lEll
-----------------------------------------------
AVERAGE
DATE 11/15/84 10/16/85 03/21/86
DEPTH TO HATER 1FT) 7.0GROUND HATER ElEV. IFTI . 421.9TINE SANPlED CHR-HIN) 1030 1430 1100LAB ANALYSIS BY III LlI SSH
TEMPERATURE IDEGREES C) 5.1
PH AT COll. ISTD. UNITS) 4.10SP. COND. AT COll. (WIHOS) 925.0LAB. PH ISTD. UNITS) 3.50 3.82 3.99lAB. SP. COND.CUHHOS) 2330.0 3210.0 910.0
TOTAL HARDNESS (CALCULATED)
PlfENO. ALKlTY. lAS CAC03) . <1.0
M. O. ALKlTY. (AS CAC03) 0.0
-1.0ClfLORIDE 21.20 15.00 15.00FLUORIDE
SULFATE 1410.0 2910.0 566.0NITRATE (AS N) 0.34
METALS IMGll) DIS. DIS. DIS.
------------------------
CALCIUM 248.0 269.0 66.6MAGNESIUM 75.0 115.0 30.4SODIUH 26.0 25.8 15.4POTASSIUM 7.7 13.1 6.1
ALUMItUi 68.00 97.00 21.80ANTIMONY
ARSENIC 0.021 <0.004 0.035BARIUM <0.500 0.010 <0.030
BERYlLIUM 0.005BORON
CADHILR1 0.0200 0.0070 0.0040CHROMIUM <0.100 <0.050COPPER 0.120 0.410 0.185IRON 98.300 287.000 1.070LEAD <0.050 0.260 <0.001LITHIUM
MANGANESE 37.900 63.300 17.200HOlYBDEtu1 <0.05NICKEL 1.170 2.100 0.384SELENIUM <0.010 <0.004STRONTIUM
THALLIUM
ZINC 2.300 3.350 0.606
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GROlIID HATER tfOtlITORItlG
SlJtllURV COAL PILE
CIIEtlICAL ANALYSIS DATA
MONITORING POINT' CL2B
DOHNGRADIElrr HELL
----------------------------------------
DATE 11/14/84 10/16/85
DEPTH TO HATER 1FT)
GROUUD HATER ELEV. 1FT) .
TItlE SAIlPLED IHR-HIN) 1300 1700
LAB ANALYSIS BV LLI LLI
TEMPERATURE IDEGREES C)
PH AT COLL. ISTD. UNITS)
SP. CotlD. AT COLL. IUr1HOS ) .
LAB. PH ISTD. UNITS) 4.40 4.62
LAB. SP. CONO.I UliHOS ) 3050.0 2890.0
TOTAL HARDNESS ICALCULATED)
PHEtlO. ALKLTY. lAS CACO!) <1. 0
M. O. ALKLTV. lAS CACO!) 0.0
-1. 0
ClltoRIDE 39.40 21.00FLUORIDE
SULFATE 2210.0 2200.0NITRA TE I AS N) 0.17
t1ETALS HIG/L) DIS. DIS.
------------------------
CALCIUM 500.0 445.0
MAGIlESILtt 118.0 104.0 ISODIUM 36.8 26.3
POTASSIl.t1 5.4 5.3
ALUMINll1 34.30 14.90ANTItlOllY
ARSENIC 0.025 <0.004
BARILtt <0.500 0.010
BERVLLILtt
BORON
CADMIUl1 0.0200 <0.0050
CHROHILtt <0.100 <0.050COPPER 0.060 0.410
IRON 106.000 95.400LEAD <0.050 <0.050
LITHILtt
MANGAtlESE 41. 700 32.200
HOLYBDEtU1 <0.05
NICKEL 1.140 0.620SELENILtt <0.010 <0.004
STROIlTIU1
THALLILR1
ZINC 1.700 0.960
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GROLtID HATER MotlITORItIG
SlJtlBURY COAL PILE
CIIEMICAL ANALYSIS DATA
MONITORING POINTI CL2C
DOUNGRADIEllT HELL
DATE 11/14/84 10/16/85
DEPTH TO HATER 1FT)
GROUfID HATER ELEV. (FT) .
TII1E SAlIPLED IHR-NIN) 1130 1545
LAB ANALYSIS BY LLI LLI
TEMPERATURE IDEGREES C)
PH AT COLL. ISTD. UNITS)
SP. COtiD. AT COLL. IUNItOS I .
LAB. PH ISTD. UtjITS) 4.50 4.72
LAB. SP. CDtID. IUHHOS I 2940.0 3000.0
TOTAL HARDtiESS (CALCULATED)
PIIEflO. ALKLTV. lAS CAC03) <1.0
M. O. ALKLTY. lAS CA(03) 2.0 -1.0
CHLORIDE 0.00 23.00
FLUORIDE
SULFATE 2060.0 2300.0NITRATE (AS I'll 0.15
METALS ItIG/LI DIS. DIS.
------------------------
CALCIUl1 496.0 464.0
HAGNESIlJ1 114.0 111.0SODIUN 29.2 23.4
POTASSILtt 3.6 3.7
ALUHINLtt 16.70 1. 90ANTIMONY
ARSENIC <0.010 <0.004
BARIlJ1 <0.500 0.010
BERVLLIlJl1
BORON
CADHIlJ1 0.0200 <0.0050
CHRONIlJ1 <0.100 <0.050COPPER 0.040 0.130
IRON 128.000 170.000LEAD <0.050 <0.050
LITHIlJ1
HANGANESE 27.300 20.600
HOLYBDEtM1 <0.05
NICKEL 0.740 0.410SELENILtt <0.010 <0.004
STRONTIlJ1
THALLIUM
ZINC 1.040 0.400
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GROUlm HATER HOtIITORING
S~18URV COAL PILE
CHEMICAL AIlALVSIS DATA
MONITORING POINT' CL3A
DOIINGRADIENT HELL
DATE 11/07/85 03/Z1/88
DEPTH TO HATER 1FT) 6.0
GRourlD HATER ELEV. 1FT) . 4Z3.6
TIME SAMPLED IHR-HIN) 1545 1615
LAB ANALYSIS BV LLI SS)1
TEMPERATURE IDEGREES C) lZ.1
PH AT CaLL. ISTD. UNITS) 6.10
SP. cmlD. AT CaLL. IUMHOS) ZIZ0.0
LAB. PH ISTD. lIfIITS) 4.48 3.6Z
LAB. SP. COND .lU~IHOS ) 3130.0 ZIZ0.0
TOTAL HARDNESS (CALCULATED)
PHENO. ALKLTV. (AS CAC03) <1.0
M. O. ALKLTV. lAS CAC03)
-1.0
CIlLORIDE 31.00 Z9.00
FLUORIDE
SULFATE Z400.0 1550.0NITRATE (AS N)
METALS IHG/LI DIS. DIS.
------------------------
CALCIlIf1 509.0 371.0
HAGNESILtI 101. 0 70.5SODIUM Z5.5 18.Z
POTASSILtt 6.0 1.7
ALUMItut 0.60 <0.10
ANTIl10tN
ARSENIC <0.004 <O.OOZ
BARIlIf1 <0.005 <0.030
BERYLLILtt <0.003
BORON
CADMIlIf1 <0.0050 <0.0005
CHROHIlR1 <0.050
COPPER 0.170 0.8n
IRON zao.ooo 178.000LEAD <0.050 <0.001
LITHIlR1
MAtlGANESE 15.600 10.400
HOLYBDENU1 <0.05
NICKEL 0.550 0.Z18SELENIlR1 <0.004
STRONTIlR1
THALLIll1
ZINC 0.980 0.859
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GRWID ~IATER HOIIITORItIG
SlJtlDURV COAL PILE
CIIEllICAL ANALYSIS DATA
MONITORING POINT: CL3B
DOHNGRADIENT HELL
DATE 11/07/85 03/Z1/88
DEPTH TO HATER 1FT) 5.9
GROUND HATER ELEV. 1FT) . 4Z3.7
TIME SAtlPLED (HR-MIN) 1445 1050
LAB ANALYSIS BY LLI SSM
TEtlPERATURE IDEGREES C) !Z.8
PH AT COLL. (STD. UNITS) 6.Z0
SP. COt/D. AT COLL. IUMHOS) 1440.0
LAB. PH (STD. lJtIITS) 5.51 4.36
LAB. SP. corm. IUUHOS ) 1480.0 1340.0
TOTAL HARDtIESS ICALCULATED)
PHENO. ALKLTY. lAS CACO!) <1.0
M. O. ALKLTV. lAS CAC03) 14.0 .
CIlLORIDE 40.00 3Z.00
FLUORIDE
SULFATE 1000.0 830.0
NITRATE I AS N)
METALS IHG/L) DIS. DIS.
------------------------
CALCIUM Z01.0 193.0
MAGNESILtt 4Z.8 4Z.5
SODIUM 15.3 ZO.7
POTASSILtt Z.8 1.3
ALlJHItM1 <0.10 <0.10
ANTIIIONV
ARSENIC <0.004 <O.OOZ
BARIut1 <0.005 <0.030
BERYLLIlI1 <0.003
BORON
CADlIIU1 <0.0050 0.0010
CHROHIUH <0.050
COPPER 0.050 D.051
IRON 1Zl.000 110.000
LEAD <0.050 <0.001
LITHILtt
HAtlGANESE 6.510 7.000
tlOLYBDEtU1 <0.05
NICKEL 0.160 0.117SELENILtt <0.004
STRONTIlJ1
THALLIUM
ZINC 0.Z90 0.Z34
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GRWlD HATER tlOtlITORItlG
SutlBURV COAL PILE
CHEHICAl AtlAlYSIS DATA
MONITORING POINT: CL3C
DOIiNGRADIEtlT HELL
DATE 11/07/85 03/21/88
DEPTH TO HATER 1FT) 5.7
GROUND HATER ELEV. 1FT) 423.9
TIllE SAtlPLED IHR-HIN) 1300 1750
LAB ANAlVSIS BV III SSf1
TEIIPERAnJRE IDEGREES CI 12.1
PH AT COll. ISTD. UNITS) 6.75
SP. COND. AT COLL. IUNIIOS ) 2275.0
LAB. PH ISTD. UtIITS) 6.70 6.71
LAB. SP. COND. IlI·tHOS I 1860.0 2110.0
TOTAL HARDtIESS ICALCULATED I
PHENO. ALKlTV. lAS CAC03) <1.0
H. O. ALKLTV. lAS CAC03) 99.0 99.0
CIILORIDE 20.00 24.50
FLUORIDE
SULFATE 1000.0 1510.0
NITRATE IAS NI
METALS IHG/L) DIS. DIS.
------------------------
CAlCIUH 316.0 439.0
HAGNESIUH 60.6 93.0
SODIUM 21.5 26.1
POTASSIlJ1 4.1 1.3
ALUMItUi <0.10 <0.10
ANTIMONV
ARSEtlIC <0.004 <0.002
BARIlJ1 <0.005 <0.030
BERVLLIlJ1 <0.003
BORON
CADHIlJ1 <0.0050 <0.0005
CHROHIlkI <0.050
COPPER 0.060 0.121
IRON 3.990 16.000
LEAD <0.050 <0.001
LITHIUH
MAtlGANESE 2.700 6.000
HOLVBDENUH <0.05
NICKEL <0.050 <0.010
SELENIUM <0.004
STRotITIlJ1
THALLIlJ1
ZINC 0.060 0.423
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Gn~ID HATER HONITORlt«;
SUNBURY COAL PILE
CIIEHICAL AtlALYSIS DATA
HONITORING POINT: D
DOI~GRADIENT HELL
DATE 11/16/84 10/11/85
DEPTH TO HATER 1FT)
GROUllD HATER ELEV. I FTI
TItlE SAIIPLED (HR-MIN) 1200 1545LAB ANALYSIS BY LLI LLI
TEMPERATURE (DEGREES C)
PH AT COLL. (STD. UNITS)
SP. COND. AT COLL. IUi'lHOS )
LAB. PH (STD. UlIITS) 7.90 7.80LAB. SP. COND.IUMHOS) 384.0 407.0
TOTAL HARDtIESS ICALCULATED)
PHENO. ALKLTY. lAS CAC03) <1.0
M. O. ALKLTY. lAS CAC03) 125.0 120.0CHLORIDE 18.20 25.00FLUORIDE
SULFATE 47.5 62.0NITRATE (AS N) 0.00
METALS (HG/L) DIS. DIS.
------------------------
CALCI1JI1 53.8 47.5
HAGNESIltt 9.3 8.5SODIUM 12.6 10.0
POTASSIlJ1 0.6 0.5
ALUMItM1 <0.30 <0.10ANTItlONV
ARSEtlIC <0.001 <0.004BARIUM <0.500 0.111
BERYLLIUH
BORON
CADtlIlJ1 <0.0100 <0.0050CHROMIlJ1 <0.030 <0.050COPPER <0.010 <0.050
IRON 0.150 0.2ZOLEAD <0.050 <0.050
LITHIlJ1
MAtlGANESE 0.140 0.098HOLYBDEMJI1 . <0.05NICKEL <0.030 <0.050SELENIlR1 <0.001 <0.004STRONTIlJ1
THALLIUM
ZINC <0.010 <0.050
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GROlIID HATER MONITORING
SUNBURY COAL PILE
CIIEHICAL ANALYSIS DATA
tlONITORING POINT I NRCP
DOIINGRADIENT HELL
DATE 02/18/88 03/17/88
DEPTII TO HATER (FTI
GROUnD HATER ELEV. (FT I
TItlE SAllPLED IHR-HIN I 1300 1645
LAB ANALYSIS BY LLI SSM
TEllPERATUnE IDEGREES C) 11. 9
PH AT COLL. «STD. UNITS) 6.60
SP. COtID. AT COLL. WHIIOSI . 690.0
LAB. PH «STD. UtIITS I 6.42 6.77
LAB. SP. COlID. (UHHOS ) 578.0 631.0
TOTAL ICARDIlESS (CALCULATED)
PHENO. ALKLTY. (AS CAC031
M. O. ALKLTY. (AS CAC031 51.0
CICLORIDE 41.00
FLUORIDE
SULFATE 214.0 245.0
NITRATE (AS NI
METALS (HG/LI DIS. DIS.
------------------------
CALCIUN 62.5
HAGNESILtl 15.2
SODIUM . 30.0
POTASSILtl 2.4
ALUMItut 0.60 <0.10
AIHIIIONV
ARSEtUC <0.002
BARIUH <0.030
BERYLLILtl <0.003
BORON
CADHIUH 0.0020
CHnOHIlIi
COPPER <0.009
IRON 3.130 1.100
LEAD <0.001
LITHILtl
HAIlGANESE 2.140 2.560
HOLYBDEtuI .
NICKEL 0.070 0.053
SELENIUti
STRONTILtl
THALLIUM
ZINC 0.160 0.177
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GROtI~D HATER tlONITORItlG
SUNDURY COAL PILE
CIIEtlICAL ANALYSIS DATA
MONITORING POINT I SRCP
DOIINGRADIENT HELL
r
DATE 02/18/88 03/17/88
DEPTH TO HATER 1FT)
GROUtlD HATER ELEV. IFTJ .
TIME SAtlPLED IHR-MIN ) 1330 1715
LAB ANALYSIS BY LLI SSM
TEtlPERATURE I DEGREES C) 10.1
PH AT COLL. ISTD. ~ITS) 6.40SP. CONDo AT COLL. IUMHOS) 475.0
LAB. PH ISTD. UlIITS) 5.83 6.76
LAB. SP. COND. IUllHOS ) 565.0 465.0
TOTAL IIARDtlESS ICALCULATED)
PIIENO. ALKLTY. lAS CACO!)
M. O. ALKLTY. lAS CAC03) 22.0
CHLORIDE 20.00
FLUORIDE
SULFATE 250.0 173.0
NITRATE lAS N)
METALS (tlG/L) DIS. DIS.
------------------------
CALCIUM 43.2
MAGNESIlJi 11.6SODIUM 17.1
POTASSIUH 1.6
ALUMItuf 1.10 <0.10
ANTItlONY
ARSENIC <0.002
BARIUI1 <0.030
BERYLLIlJ1 <0.003
BORON
CADMIUM 0.0010
CHROMIUM
COPPER . <0.009
IRON 6.440 2.220LEAD <0.001
LITHI\J1
MANGANESE 2.280 2.040
tlOLYBDEt-Ut
NICKEL 0.080 0.047SELENI\J1
STRONTIUM
THALLIUM
ZINC 0.180 0.089
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GROUUD HATER MONITORING
SlJlllURY COAL PILE
CIIEHICAl ANALYSIS DATA
MONITORING POINTs 1
UPGRADIENT HELL
DATE 11/19/84 10/17/85 03/17/88
DEPTH TO HATER (FTI 9.6
GROUND HATER ELEV. (FT J . . 437.0
TItlE SAllPLED (HR-HIN) 900 1530 1200
lAB ANALYSIS BY LlI lLI SSH
TEtlPERATURE (DEGREES CI 4.1
PH AT COlL. (STD. UNITS) 6.60
SP. CONDo AT COll. IUMHOSI 800.0
lAB. PH (STD. UNITS) 7.10 6.55 6.86
lAB. SP. COND.(UMHOSJ 624.0 599.0 726.0
TOTAL IIARDIlESS (CALCULATED I
PIIEtm. ALKLTY. (AS CAC03 I <1.0
M.' O. ALKLTY. IAS CAC03 J 63.0 56.0 60.0
CHLORIDE 63.10 28.00 111.00
FLUORIDE
SULFATE 135.5 200.0 174.0
NITRATE lAS NI 0.25
tlETALS ItlG/L I DIS. DIS. DIS.
------------------------
CALCIUM 76.2 62.9 80.5
MAGNESIUH 8.5 10.1 13.0
SODIUH 29.0 23.2 qO.7
PDTASSIUH 2.6 10.8 2.7
ALUMItu1 <0.30 <0.10 <0.10
ANTItlotlY
ARSEIlIC 0.002 <0.004 <0.002
BARIUH <0.500 0.065 <0.030
BERYLlIUH <0.003
BORON
CADHIUl1 <0.0100 <0.0050 <0.0005
CHROMIUH <0.030 <0.050
COPPER 0.010 <0.050 <0.009
IRON <0.D50 D.190 0.062
LEAD <0.05D <0.050 <0.001
LITHIUH
MANGANESE 3.360 0.169 0.507
HOLYBDEtu1 <0.05
NICKEL <0.030 <0.050 <0.010
SELENIut1 0.001 <0.004
STRONTILJ1
THAlLIUH
ZINC 0.020 <0.050 0.141
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GROUND HATER MONITORING
SUtmURY COAL PILE
CIIEMICAL ANALYSIS DATA
MONITORING POINTI 10
DOHNGRADIEUT HELL
-------------------------------------------------
DATE 11/14/84 10/16/85 03/17/88
DEPTH TO HATER IFTI 7.6GROUND HATER ELEV. IFTI . . 423.6
TIllE SAtlPLED IHR-HIN) 830 1030 1300LAB ANALYSIS BY LLI LLI SSI1
TEMPERATURE IDEGREES C) 8.8
PH AT COLL. ISTD. UNITS) 6.45SP. COND. AT COll. IUMIIOS ) . 705.0
LAB. PH ISTD.UtIITS) 6.40 6.41 6.98LAB. SP. COND.(UHHOS) 629.0 653.0 625.0
TOTAL IIARDtIESS ICALCULATED)
PIIENO. ALKLTY. lAS CAC031 <1.0
M. O. ALKLTY. lAS CAC03) 170.0 155.0 143.0
CHLORIDE 18.20 33.00 41.00FLUORIDE
SULFATE 111.0 137.0 127.0NITRATE IAS U) 0.00
METALS ING/L) DIS. DIS. DIS.
------------------------
CALCIUM 73.1 74.9 61.0
MAGNESIlJ1 17.0 15.9 17.0SODIUM 12.3 17.5 20.7
POTASSIlJ1 2.7 2.5 2.0
ALUMINUt1 <0.30 <0.10 <0.10ANTIMOtlY
ARSEUIC <0.001 0.008 0.006BARIUM <0.500 0.0611 0.076
BERVLLIlJ1 <0.003BORON
CADHIUlI 0.0100 <0.0050 <0.0005CHROMIlJ1 <0.030 <0.050COPPER 0.010 <0.050 <0.009IRON 5.620 25.100 32.500LEAD <0.050 <0.050 <0.001LITHIUt1
MANGANESE 13.500 <0.005 10.500tIOLYBDENUt1 <0.05
NICKEL 0.030 <0.050 <0.010SELENIUM 0.004 <0.004STRONTIlJ1
THALLIUM
ZINC 0.030 <0.050 0.021
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GRootlD HATER MOtlITORING
SUNBURY COAL PILE
CIlEtlICAL ANALYSIS DATA
MONITORING POINT, 11
Dotl-lGRADIENT HELL
AVERAGE
DATE 11/15/84 10/15/85 03/21/88
DEPTH TO HATER 1FT) 9.2
GROUND HATER ELEV. 1FT) . 4Zl.0
TIME SAMPLED (IIR-HIN) 1200 615 1150
LAB ANALYSIS BY LLI LLI SSM
TEMPERATURE (DEGREES C) 7.2
PH AT COLL. ISTD. UNITS) 4.05
SP. CottO. AT COLL. 1l1l'lHOS) . . 1795.0
LAB. PH ISTD. UtiITS) 3.60 4.03 2.88
LAB. SP. CONO.IUNHOS) 3850.0 1740.0 2025.0
TOTAL ItARDtIESS ICALCULATED)
PHENO. ALKlTY. lAS CAC03) <1.0
H. O. ALKLTY. lAS CAC03) 0.0 -1.0
CHLORIDE 45.50 28.00 15.50
FLUORIDE
SULFATE 3300.0 1300.0 1305.0
NITRATE IAS N) 0.77
METALS IHG/L) DIS. DIS. DIS.
------------------------
CALCIUM 253.0 130.0 106.0
MAGNESIltI 86.0 39.3 49.8
SODIUM 35.0 16.0 Zl.8
POTASSIltI 4.7 3.2 3.4
ALUMItU1 157.00 37.10 45.60
ANTItlotN .
ARSEflIC 0.044 <0.004 0.082
BARIltI <0.500 0.010 <0.030
BERYLLIlJ1 0.010
BORON
CADHlut1 0.0300 0.0090 0.0070
CIIROMIltI <0.100 <0.050
COPPER 0.670 0.330 0.283
IRON 680.000 183.000 187.000
LEAD <0.050 0.110 0.002
LITHIltI
MANGANESE 52.000 20.900 30.000
HOLYBDHU1 <0.05
HICKEL 2.270 0.640 0.833
SELENIlJ1 <0.020 <O.OO~
STRONTIltI
THALLIlJ1
ZINC 4.900 1.320 1.850
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GRoolD tlATER HOtlITORING
SUNBURY COAL PILE
CIIEHICAL ANALYSIS DATA
MONITORING POINT: 12
D(H.lGRADIEtlT HELL
DATE 03/21/88
DEPTH TO HATER 1FT) 25.3
GROUt~D HATER ELEV. 1FT) 421.0
TIME SAMPLED IHR-HIN) 1415LAB ANALYSIS BV SSM
TEMPERATURE IDEGREES C) 13.6
PH AT CaLL. ISTD. UNITS) 5.60
SP. CONDo AT CaLL. IUMHOSI 255.0
LAB. PH ISTD. ur~ITS) 6.18
LAB. SP. COND.IUMHOS) 278.0
TOTAL HARDNESS ICALCULATED)
PHENO. ALKLTV. lAS CACO!)
M. O. ALKLTY. lAS CAC03) 68.0
CHLORIDE 17.00FLUORIDE
SULFATE 36.6NITRATE IAS N)
METALS ItlG/L ) DIS.
------------------------
CALCIUM 26.2
HAGNESILtf 10.0SODIUM 7.8
POTASSILtf 2.0
ALUMItMt <0.10ANTIMONV
ARSEnIC <0.002
BARIUM 0.102
BERYLLILtf <0.003BORON
CADMIUM <0.0005
CHROMILtf
COPPER <0.009
IRON 4.900LEAD <0.001
LITHILtf
MAtlGANESE 1.230HOLVBDEtui
NICKEL <0.010SELENILtf
STRDNTILtf
THALLIUM
ZINC 0.014
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GROUND tlATER MONITORING
sutmURY COAL PILE
CIlEHICAL ANALYSIS DATA
HONITORING POINT: 13
DOSNORADIEtrr WELL
DATE 031Z2I88
DEPTII TO HATER (FT) 11.0
GROUJ/D HATER ELEV. (FT) 432.1
TIUE SAtlPLED I IIR-HIN)
LAB ANALYSIS BY SSM
TEI1PERATURE (DEGREES C) 9.2
PH AT COLL. (STD. UNITS) 6.70
SP. COND. AT CaLL. IU~lI(OS) 365.0
LAB. PH (STD. Ul/ITS) 7.14
LAB. SP. COND. (lR1HOS ) 356.0
TOTAL HARDUESS (CALCULATED)
PHENO. ALKLTV. (AS CAC03) .
H. O. ALKLTV. (AS CAC03) 102.0
CIILORIDE 23.00
FLUORIDE
SULFATE 40.7
NITRATE IAS N)
METALS (HG/L) DIS.
------------------------
CALCI1JI1 44.2
HAGtlESIUH 10.3
SODIUM 12.7
P()TASSIlJ1 0.7
ALUl1UU1 <0.10
ANTIMONY
ARSENIC <0.002
BARIlJ1 <0.030
BERYLLIlJ1 <0.003
BORON
CADHIl.J1 <0.0005
CHROMIlJ1
COPPER <0.009
IRON 3.760
LEAD <0.001
LITHILti
HANGAt/ESE 0.700
HOLYBDENLtt .
NICKEL <0.010
SELENIUH
STRONTIUH
THALLIUH
ZINC 0.010
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GRoutlD HATER tlONITORING
SliSURY Call PILE
CItEHICAL ANALYSIS DATA
MONITORING POINTI 14
DOUNGRAOIEUT HELL
DATE 03/18/88
DEPTIt TO HATER IFTI 24.5
GRDUtlD HATER ELEV. IFTI 423.4
TIHE SAIIPLED (ItR-HINI 1420
LAB ANALYSIS BY SSH
TEHPERATURE IDEGREES CI 12.1
PH AT CaLL. ISTD. UNITSI 5.30
SP. COtlO. AT COLL. IUHHOS I 1815.0
LAB. PH ISTD. U1IITS I 3.74
LAB. SP. COND. UJjitlOS I 1900.0
TOTAL IIARDIlESS (CALCULATEDI
PHENO. ALKLTY. lAS CAC031
H. O. ALKLTY. lAS CAC03)
·ClIlORIDE 22.00
FLUORIDE
SULFATE 1330.0
NITRATE IAS NI
HETALS IHG/LI DIS.
------------------------
CALCIUH 190.0
HAGNESIut1 58.8
SODIU11 22.1
POTASSIlI1 4.6
ALltIINlit 0.47
ANTIHotlY
ARSEtlIC <0.002
BARIUH <0.030
BERYLLIlI1 <0.003
BORON
CADHIUl1 0.0030
CHROHIlI1
COPPER 0.013
IRON 178.000
LEAD <0.001
LITHIlI1
HANGAtlESE 60.000
HOLYBDENlI1
·NICKEL 0.214
SELENIUM
STRONTIlI1
THALLIlI1
·ZINC 0.333
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GRoutlD HATER HotlITORING
SlJtlBURY COAL PILE
CIJEHICAL ANALYSIS DATA
MONITORING POINT' 15
DOI'toIGRADIENT HELL
DATE 03/18/88
DEPTH TO HATER IFTI 20.7
GROUND HATER ELEV. 1FT) 421.8
TIME SAtlPLED IHR-HIN I 1015
LAB ANALYSIS BY SSM
TEr1PERATURE IDEGREES CI 13.1
PH AT COLL. ISTD. UNITSI 4.40
SP. corm. AT COLL. IU1'IHOS I 4650.0
LAB. Pit ISTD. UNITS I 2.87
LAB.-SP. COND.IUMHOSI 6850.0
TOTAL HARDlIESS ICALCULATED I
PIIEtIO. ALKLTY. IAS CAC03 I
H. O. ALKLTY. lAS CAC031
CIILORIDE 21.00
FLUORIDE
SULFATE 7480.0
NITRATE lAS NI
tlETALS IMG/L I DIS.
------------------------
CALCIUM 514.0
HAGNESIlI1 244.0
SODIUM 49.3
POTASSIlI1 11.4
ALlMItlJH 27.30
ANTIMONY
ARSEtlIC <0.002
BARIlI1 0.034
BERYLLIlI1 0.003
BORON
CADllI~1 0.0200
CHROHIUM
COPPER 0.047
IRON 2150
LEAD 0.002
LITHIlI1
HANGANESE 1240
ttOLYBDElUt .
NICKEL 3.830
SELENIUl1
STROtlTIlI1
THALLIlI1
ZINC 7.010
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GROUND HATER MotlITORItIG
SlJtlBURY COAL PILE
CHEHICAL ANALYSIS DATA
MONITORING POINT: 16
DOI~GRADIEtiT HELL
DATE 03/18/88
DEPTH TO HATER (FTI 9.S
GROUUD HATER ELEV. I FT I 429.7
TIHE SAIIPLED (HR-HINI 84S
LAB ANALYSIS BY SSM
TEtlPERATURE (DEGREES CI 9.7
PH AT COLL. ISTD. UNITS I 3.60
SP. COt/D. AT COLL. IUNHOS I SOBD.D
LAB. PH (STD. UIIITSI 2.82
LAB. SP. COND. (ur~HOS I 14000
TOTAL HARDtlESS (CALCULATEDI
PHENO. ALKLTY. lAS CAC031
H. O. ALKLTY. (AS CAC031
CIIl.ORIDE 29.00
FLUORIDE
SULFATE 22000
NITRATE (AS NI
METALS (MG/LI DIS.
------------------------
CALCIUM 495.0
HAGNESIUH 351.0
SODIUM 68.3
POTASSIlJ1 10.7
ALUI1Itu1 706.00
ANTItlOllY
ARSEUIC 0.820
BARIUM <0.030
BERYLLIlJ1 0.094
BORON
CADHIUI1 0.0400
CHROMIUl1 .COPPER 1.210
IRON 7620
LEAD 0.008
LITHIUH
MAtlGANESE B5.000
HOLYBDENUl1
NICKEL 10.0DO
SELENIlJ1
STRONTIUM
THALLIUM
ZINC 20.BOO
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GROUID HATER HONITORING
SutmURY COAL PILE
CIIEHICAL ANALYSIS DATA
MONITORING POINTI 2
UPGRADIENT HELL
DATE 11/12/84 10/10/85 03/16/88
DEPTII TO HATER (FT I 10.6
GROUlID HATER ELEV. IFT I . 436.1
TlHE SAtlPLED (HR-HIN) 1515 1300 1610
LAB ANALYSIS BY LLI LLI SSU
TEIIPERATURE (DEGREES CI 10.9
PH AT COLL. ISTD. UNITS I 7.00
SP. CotlD. AT COLL. IUNHOS) . . 440.0
LA8. PH ISTD. utIITS) 7.60 7.33 7.35
LAB. SP. COND. ( lR'tHOS ) 490.0 455.0 442.0
TOTAL IIARDtiESS ICALCULATEDI
PHENO. ALKLTV. lAS CAC03) <1.0
H. O. ALKLTY. lAS CAC03) 112.0 118.0 138.0
CIILORIDE 42.50 41.10 38.00
FLUORIDE
SULFATE 45.3 43.0 43.6
NITRATE IAS NI 1.13
, METALS IOO/L) DIS. DIS. DIS.
------------------------
CALCIl1l1 65.6 42.8 42.7
HAGNESIUi 10.9 7.6 12.2
SODIl1l1 13.3 12.9 14.6
POTASSIUi 1.2 18.9 0.9
ALUl1Itut <0.30 <0.10 <0.10
ANTIMONY
ARSENIC 0.001 <0.004 <0.002
BARIUM <0.500 0.110 0.085
BERYLLIUi <0.003
BORON
CADthUH <0.0100 <0.0050 <0.0005
CHROMIUi <0.030 <0.050
COPPER 0.010 <0.050 <0.009
IRON 0.150 <0.050 0.029
LEAD <0.050 <0.050 <0.001
LITHIlJ1
MANGANESE 1.180 0.049 0.575
HOLYBDENUi . <0.05
NICKEL 0.040 <0.050 <0.010
SELENIU1 <0.001 <0.004
STRONTIlJ1
THALLIUH .
ZINC 0.020 <0.050 0.010
152
GR~ID HATER MONITORING
SUNBURV COAL PILE
CIIEtlICAL AtlALVSIS DATA
t~NITORING POINT I 3
UPGRADIENT HELL
DATE 11/12184 10/11/85 03/16/88
DEPTH TO HATER 1FT) 12.5
GROlJlD HATER ElEV. I FTI . . 433.1
TItlE SAMPLED (HR-HIN) 1015 1115 1348
LAB ANALVSIS BV LLI LLI SSl1
TEtlPERATURE IDEGREES C) 9.9
PH AT COlL. ISTD. UNITS) 6.00
SP. corlD. AT COll. (UlmOS) . 415.0
LAB. PII ISTD. utIITS) 6.40 6.32 6.51
LAB. SP. COHO. IUli110S ) 466.0 471.0 426.0
TOTAL HARDtlESS ICAlCUlATED)
PHENO. AlKLTV. lAS CACO!) <1.0
H. O. AlKLTV. lAS CAC03) 62.0 62.0 58.0
CIILORIDE 41.30 53.00 37.00
FLUORIDE
SULFATE 75.0 57.0 66.0
NITRATE IAS N) 1.17
METALS IMG/L) DIS. DIS. DIS.
------------------------
CALCIUM 49.6 56.4 48.6
MAGNESIIR1 9.8 9.8 9.8
SODIUM 18.3 15.3 21.1
POTASSIII1 7.5 1.4 6.2
ALUllItut <0.30 <0.10 <0.10
ANTItlOtfi
ARSEUIC 0.001 <0.004 <0.002
BARIll1 <0.500 0.187 <0.030
BERYLLIll1 <0.003
BORON
CADMIlJl <0.0100 <0.0050 <0.0005
CHROMIll1 <0.030 <0.050
COPPER 0.010 <0.050 <0.009
IROtl <0.050 0.320 0.043
LEAD <0.050 <0.050 <0.001
LITHIll1
MANGANESE 0.260 0.726 0.014
tlQlYBDEtui . <0.05 .
NICKEL 0.030 <0.050 <0.010
SELENIUM 0.001 <0.004
STRONTIlJ1
THALLIlJ1
zmc 0.040 <0.050 0.014
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GROUfID HATER HotlITORING
SLJIJURV COAL PILE
CHEMICAL ANALYSIS DATA
MONITORING POINT: 4
DOS'tlGRADIEUT HELL
DATE 11/13/84 10/11/85
DEPTH TO HATER IFTI
GROUND HATER ELEV. 1FT!
·
.
TIME SAtlPLED (HR-HIN) 1000 1230
LAB ANALYSIS BY lLI LlI
TEMPERATURE I DEGREES CI
PH AT CaLL. ISTD. UNITSI
SP. CONDo AT COlL. IUMHOS)
·
•LAB. PH ISTD. UUITS) 5.40 3.91
LAB. SP. COND.(UMHOSI 2800.0 3160.0
TOTAL HARDNESS ICALCULATEDI
PHENO. ALKLTY. (AS CAC03) <1.0
H. O. ALKLTY. lAS CAC031 20.0 -1.0
CIILORIDE 15.20 25.00
FLUORIDE
SULFATE 1940.0 2400.0
NITRATE IAS N) 2.69
METALS IMG/LI DIS. DIS.
------------------------
CALCIUM 505.0 305.0
MAGNESIUH 82.0 92.4
SODIUM 17.6 18.0
POTASSIlJ1 2.4 6.1
ALUHINlJ1 <0.30 0.20
ANTIMOlff
ARSENIC <0.001 0.015
BARIlJi <0.500 0.027
BERYLLIlJ1
BORON
CADMIuH <0.0100 <0.0050
CHROMIlJ1 <0.100 <0.050
COPPER 0.030 0.360
IRON 163.000 497.000
LEAD <0.050 <0.050
LITHIlJ1
MANGANESE 33.800 <0.005
HOLYBDEtu1
·
<0.05
NICKEL 0.110 OA70SELENIUH <0.010 <0.004
STRONTIlJi
THALLILJ1
ZINC 0.160 0.420
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GROUtID HATER MONITORING
SLtIBURY COAL PILE
CHEMICAL ANALYSIS DATA
MONITORING POINT: 5
DOl'ltlGRADIEtn HELL
DATE 11/15/64
DEPTH TO HATER 1FT)
GROUND HATER ELEY. IHI .
TIHE SAtlPLED IHR-HIN I 830
LAB ANALYSIS BY LLI
TEI1PERATURE IDEGREES C)
PH AT COLL. ISTD. UNITS)
SP. CONDo AT COLL. IUMHOS)
LAB. PII ISTD. UtiITS I 3.70
LAB. SP. CONO.IUMHOSI 5750.0
TOTAL HARDNESS ICALCULATED)
PIlENO. ALKLTY. lAS CA(03)
M. D. ALKLTY. lAS CAC031 0.0
CIILDRIDE 48.50
FLUORIDE
SULFATE 4835.0
NITRATE 1AS N) 0.48
METALS IHG/LI DIS.
------------------------
CALCIUH 422.0
MAGNESIlR1 163.0
SODIUM 67.0
POTASSIltt 5.7
ALUHItUi 161.00
ANTIl10NV
ARSEIIIC 0.034
BARIut1 <0.500
BERYLLIltt
BORON
CADHIUl1 0.0400
CHROl1IlI1 <0.100CDPPER 0.450
IRON 1212LEAD <0.050
LITHIltt
HANGANESE 114.000
tIOLYBDEtui .
NICKEL 3.400SELENIlJ'1 <0.020
STRONTIlJ'1
THALLlltt
ZINC 7.100
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GROUm HATER HOtlITORING
SlJtlBURY COAL PILE
CIIEHICAL ANALYSIS DATA
MONITORING POINT: 6
DOUNGRADIENT HELL
DATE 11/19/8~ 10/17/85 03/18/88
DEPTH TO HATER 1FT) 19.0
GROUND HATER ELEY. 1FT) . . 426.3
TIME SAttPLED IHR-HIN) 800 1215 1800
LAB ANALYSIS BY LLI LLI SSM
TEItPERATURE I DEGREES C) 9.1
PH AT COLL. ISTD. UNITS) 7.00
SP. CONDo AT COLL. IUNHOS) . . 620.D
LAB. PH ISTD. WIlTS) 7.30 7.23 7.64
LAB. SP. COND.luttHOS) 595.0 534.0 578.0
TOTAL HARDtiESS ICALCULATED)
PHENO. ALKLTY. lAS CAC03) <1.0
H. O. ALKLTY. lAS CAC03) 188.0 179.0 273.0
CIILORIDE 5.50 7.00 3.00
FLUORIDE
SULFATE 108.6 89.0 56.0
NITRATE IAS N) 0.09
METALS IMG/L ) DIS. DIS. DIS.
------------------------
CALCIlI1 98.4 82.7 63.6
HAGNESIlI1 11.1 9.3 13.9
SODIUM 12.5 10.8 18.2
POTASSIlI1 2.4 3.4 7.6
ALUMUM1 <0.30 <0.10 0.18
ANTIMONY
ARSENIC <0.001 <0.001t 0.008
BARIut1 <0.500 0.214 0.263
BERYLLIutt <0.003
BORON
CADMIUM 0.0100 <0.0050 <0.0005
CHRDMIut1 <0.030 <0.050
COPPER 0.010 <0.050 0.011
IRON <0.050 2.810 1.050
LEAD <0.050 <0.050 <0.001
LITHIlI1
MANGANESE 0.860 0.416 0.325
ttOLYBDENutt <0.05
NICKEL 0.030 <0.050 <0.010
SELENIlIt <0.001 <0.004
STRDtITIlJ1
THALLIlI1 .
ZINC 0.010 <0.050 0.006
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GROUIID HATER tiOtlITDRING
SLtIBURY COAL PILE
CHEMICAL ANALYSIS DATA
HONITORINGPOINT: 7
DOI'lNGRADIENT HELL
BARRELF
DATE 11/13/84 10/15/85 10/15/85 03/16/88
DEPTH TO HATER 1FT)
GRoutlD HATER ELEY. 1FT)
TItiE SAMPLED (HR-MIN)
LAB ANALYSIS BY
TEIIPERATIJRE (DEGREES C)
PH AT COLL. ISTD. UNITS)
SP. COND. AT COLL. IuttHOS)
LAB. PH ISTD. utIITS)
LAB. SP. CDND.IUMHOS)
TOTAL HARDNESS ICALCULATED)
PHENO. ALKLTY. lAS CAC03)
M. O. ALKLTY. lAS CAC03)
CIILORIDE
FLUORIDE
SULFATE
NITRATE IAS N)
METALS IMG/LI
·1600
LLI
·3.40
3200.0
·0.0
18.20
2420.0
0.15
DIS.
1700
LLI
.
3.68
3370.0
<1.0
-1.0
18.00
2750.0
DIS.
·1700
LLI
·3.70
3480.0
<1.0
-1.0
15.00
·2930.0
DIS.
6.1
423.6
1820
SSM
8.8
3.90
2265.0
2.84
2530.0
26.00
1840.0
DIS.
r CALCIUH
HAGNESIlJ1
SODIUM
POTASSIlR1
ALUHItut
ANTIMONY
ARSEtlIC
BARIlJ1
BERYlLIlJ1
BORON
CADHIlJ1
CHROI1IlJ1
COPPER
IRON
LEAD
LITHIlJ1
I1AtlGANESE
tlOLYBDEtut
NICKEL
SELENIlJ1
STRONTIlJ1
THALLIUM
ZINC
249.0
92.0
21.5
7.0
129.00
0.097
<0.500
0.0200
<0.100
0.250
313.000
<0.050
62.000
.
1.800
<0.010
3.300
220.0
93.1
20.7
11.7
90.40
<0.004
0.011
<0.0050
<0.050
0.550
578.000
0.280
63.700
<0.05
2.140
<0.004
3.030
157
216.0
91. 7
19.5
9.5
88.60
<0.004
0.010
0.0070
<0.050
0.540
574.000
0.210
62.500
<0.05
2.080
<0.004
2.980
164.0
75.7
22.1
5.7
58.80
0.090
<0.030
0.014
0.0060
0.160
331.000
0.004
50.000
.
1.130
2.400
GROUND HATER MOtlITORIUG
SlJtlDURY COAL PILE
CIIEIIICAL ANALYSIS DATA
MONITORING POINTI 8
DOI'lNGRADIENT HELL
DATE 11/13/84 10/15/85 03/17/88
DEPTH TO HATER 1FT) 7.5
GROUND HATER ELEV. 1FT) . . 422.3
TIME SAMPLED (HR-HIN) 1430 1530 1600
LAB ANALYSIS BY LlI LLI SSM
TEMPERATURE IDEGREES C) 10.6
PH AT CaLL. ISTD. UNITS) 6.20
SP. COtlD. AT CaLL. IUtlHOS) . 1450.0
LAB. PH ISTD. UNITS) 6.40 4.81 '+.62
LAB. SP. corm. IUNHOS ) 1100.0 1600.0 1370.0
TOTAL HARDtIESS ICALCULATED)
PIIENO. ALKLTY. IAS CAC03) <1.0
H. O. ALKLTY. lAS CAC03) 38.0 -1.0 2.0
CHLORIDE 16.40 15.00 11.00
FLUORIDE
SULFATE 560.0 900.0 878.0
NITRATE I AS N) 0.01
HETALS IHG/L) DIS. DIS. DIS.
------------------------
CALCIUH 168.0 178.0 184.0
MAGNESILtt 35.0 47.9 59.1
SODIUM 15.9 19.0 17.5
POTASSILtt 1.8 4.0 3.8
AlUMItU1 <0.30· . <0.10 <0.10
ANTItlOtN
ARSEtlIC 0.001 <0.004 <0.002
BARIUN <0.500 0.028 <0.030
BERYLLIUH <0.003
BORON
CADHIUU <0.0100 <0.0050 <0.0005
CHROI1ILtt <0.100 <0.050
COPPER 0.010 0.260 <0.009
IRON 1'+.600 47.100 61.900
LEAD <0.050 <0.050 <0.001
LITHILtt
HANGANESE 13.900 25.500 33.800
HOLYBDEfU1 <0.05 .
NICKEL 0.070 0.120 0.161
SELENIUH <0.010 <0.004
STRONTIUH
THALLIUlt
ZINC 0.050 0.100 0.146
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GROUlID HATER MONITORING
SlilBURV COAL PILE
CHEMICAL AtlALYSIS DATA
MONITORING POINT: 9
DOHNGRADIENT HELL
DATE 11/13/84 10/15/85 03/17/88
DEPTH TO HATER 1FT) 7.9
GROlRlD HATER ELEV. IFTI . . 421.9
TItlE SAtlPLED IHR-MIN) 1230 1300 1430
LAB ANALYSIS BY LLI LLI SSH
TEMPERATURE IDEGREES C) 11.3
PH AT COLL. ISTD. UNITS) 6.35
SP. CONDo AT COLL. IUl1HOS I . . 1625.0
LAB. PH ISTD. UUITS I 5.80 4.17 3.29
LAB. SP. COND.IUMHOSI 1600.0 1870.0 1780.0
TOTAL HARDlIESS ICALCULATED)
PHENO. ALKLTV. IAS CAC03) <1.0
M. O. ALKLTY. lAS CAC031 15.0 -1.0 .
CIILORIDE 13.30 17.00 17.00
FLUO:1IDE .
SULFATE 938.0 1500.0 1070.0
NITRATE IAS N) 0.05
METALS IHG/L I DIS. DIS. DIS.
------------------------
CALCIUM 276.0 227.0 164.0
HAGNESILtI 50.0 62.9 54.6
SODIUI1 17.4 20.0 19.6
PDTASSILtI 2.6 8.6 5.2
ALut1ItU1 <0.30 <0.10 <0.10
ANTlMotN
ARSENIC <0.001 <0.004 <0.002
BARIUM <0.500 0.022 <0.030
BERYLLIUM <0.003
BORON
CADMIut1 <0.0100 <0.0050 <0.0005
CHROMILtI <0.100 <0.050
COPPER 0.010 0.110 <0.009
IRON 52.100 224.000 163.000
LEAD <0.050 <0.050 <0.001
LITHILtI
MANGANESE 12.200 <0.005 33.800
HOLYBDEtM1 . <0.05
NICKEL 0.060 0.120 0.140
SELENILtI <0.010 <0.004
STRONTILtI
THALLIlR1
ZINC 0.190 0.090 0.099
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